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Summary 
 
Sorghum (Sorghum bicolor (L.) Moench) is the fifth most important grain 
corn in the world agricultural economy and represents an important staple 
food for the populations of many developing countries. It is estimated that the 
cereal is part of the diet of more than 300 million people, representing a major 
source of energy and nutrients. Nevertheless, the nutritional value of sorghum 
is impaired by the activity of endogenous antinutrients (AN), such as phenolic 
compounds (mainly tannins) and phytic acid, which inhibit iron and zinc ab-
sorption and digestibility of proteins by forming insoluble complexes in the 
gastrointestinal tract. 
The aim of the present thesis was to investigate the impact of both variety 
and food processing (fermentation and cooking) on the amount and activities of 
the main AN as well as on the content and bioaccessibility and bioavailability 
of iron and zinc in two main traditional types of sorghum meals: the porridge 
and the fermented slurry.  
An innovative comprehensive approach based on three different investiga-
tion methods has been performed, namely in vitro assay (line DLD-1 from hu-
man colon adenocarcinoma), quantitative analysis, and mathematical models. 
The modulation of in vitro functional markers after in vitro gastrointestinal di-
gestion (total protein content and GPx activity of exposed cells), the content of 
iron binding phenolic groups (tannins) and phytates, the phytase activity as 
well as the amount and the bioaccessibility and bioavailability of iron and zinc 
were investigated in ferment and unfermented slurries and in porridges under-
going cooking with or without fermentation from three African (Nigeria, Sene-
gal and Burkina Faso)  and two Italian sorghum varieties.  
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Results showed that the amount of AN, content and bioaccessibility and 
bioavailability of trace elements content, total protein content of cells as well as 
the effect of process (mainly fermentation) were modulated by variety. There is, 
indeed, a significant difference among traditional African varieties with regard 
to aforementioned parameters. The two Italian varieties showed an overall 
poor nutritional profile. 
Results also showed that fermentation and cooking have different impact 
on the tested parameters. In the different varieties, fermentation decreased 
iron-binding phenolic groups until 49% and phytate content until 72% as well 
as increased phytase activity 3.4 to 16.4 fold, leading to enhancement of iron 
and zinc estimated bioavailability. On the other hand, fermentation process 
significantly decreased also the total protein content and GPx activity of to 
cells. Cooking alone had almost no effect on the content of AN and the two 
trace elements. Similarly, it showed no impact on the GPx activity of cells ex-
posed to cooked sorghum samples, whereas it significantly decreased cells total 
protein content. It cannot be excluded that fermentation and cooking may de-
velop compounds able to inhibit protein synthesis and/or enzymatic functions 
of cells in vitro. Interestingly, most of the tested parameters showed further 
modulation effects of the variety on food process. 
Finally, the combined treatments of fermentation and cooking resulted to 
be the best process, showing the positive effect of cooking in the in vitro analy-
sis (no impact on the cells GPx activity) and of fermentation in the quantitative 
analysis of AN and bioaccessibility and bioavailability of iron and zinc (reduc-
tion of the amount of both AN and increase of the two trace elements estimated 
bioaccessibility and bioavailability). 
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The lowest AN content and the highest trace minerals bioaccessibility and 
bioavailability were shown by fermented (also with cooking) Senegal landrace, 
whereas the Italian varieties showed the worst results. 
The results indicate that selection of traditional varieties and appropriate 
processing methods can be a promising way to significantly improve sorghum 
nutritional value at the household level.  
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Introduction 
 
Sorghum is the fifth most important grain corn in the world agricultural 
economy after wheat, rice and barley. It is mainly grown in semi-arid areas of 
the world, characterized by high drought and low rainfall, climate conditions 
poorly favourable to the production of other cultivars. In industrial-
ized countries, sorghum is mainly grown for the production of animal 
feed (forage or grain) or biofuel. On the other hand, in Africa and Asia, sor-
ghum is grown primarily for human consumption.  It is estimated 
that sorghum is part of the staple diet of more than 300 million people in devel-
oping countries, representing a major source of energy and nutrients. Sorghum 
is a valuable staple food, for its content of protein, pro-vitamins (carotenoids) 
and vitamins, fat-soluble (D, E and K) and of B group (except for B12) and min-
erals, such as iron, phosphorus and zinc.  
The nutritional value of sorghum is, nevertheless, impaired by the activity 
of endogenous AN, such as phenolic compounds (mainly condensed tannins) 
and phytic acid. The concentration of tannins and phytic acid greatly varies 
among different cultivars, as well as among plants belonging to the same culti-
var. The phytic acid concentration can range 2.5-22 mg/g and that of tan-
nins 0.8-70 mg/g, expressed as catechin equivalent (Elkhalifa and El Tinay, 1994; 
Kunene et al. 1999; Matuschek E., 2005; McMillan et al. 2007). These sorghum 
AN interact negatively with the bioaccessibility of essential elements, in partic-
ular iron and zinc; moreover, tannins, reduce the digestibility of proteins. The 
general mechanism involves the formation of insoluble complexes at physiolog-
ical pH, due to the ability of phytic acid and tannins to bind proteins 
and divalent cations. The tannins are also able to bind human gut enzymes in-
volved in the cereal digestion. As a consequence, the AN presence reduces me-
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tabolizable energy and amino acid availability, as well as elicits an unbalanced 
intake of essential elements. The impaired bioavailability of these micronutri-
ents may cause severe metabolic disorders, especially in vulnerable groups of 
population. Consequently, improving the nutritional value of sorghum would 
improve their nutritional status.  
Sorghum, mainly fermented, is the basic ingredient of many recipes in less 
developed and emerging countries (e.g. Botswana, Ethiopia, Kenya, Nigeria, 
Tanzania), such as couscous, porridge and beer. The porridge, in particular, is a 
staple component of the traditional diet, especially breakfast, for adult as well 
as young children; indeed it is used as weaning food. For its importance and 
wide use in developing countries, sorghum porridge represents the main focus 
of this research project.  
The available literature reports that food processes might influence both 
nutrient and AN content and activity. In particular, fermentation appears to re-
duce the presence of AN, thus increasing both the bioaccessibility and bioavail-
ability of iron and zinc; on the other hand, cooking may reduce protein digesti-
bility. Nevertheless, these data were obtained through chemical analyses; the 
net effect of sorghum as whole food upon fermentation and/or cooking has 
never been investigated in biological systems. Moreover, the study of the ef-
fects of a food in toto is still poorly developed as well as the combined modula-
tion of such effects by different factors, such as cultivar and process. An inter-
esting approach would be, therefore, to evaluate the impact of both sorghum 
variety and processing on the main AN through a comprehensive analytical 
and in vitro strategy.  
17 
Objectives 
 
The main objective of the present thesis was to evaluate the impact of the 
two principal traditional processes (cooking and fermentation) on tannins and 
phytic acid activities in sorghum porridges and their effects in a biological sys-
tem. 
In order to achieve this purpose, investigations were carried out with the 
following aims: 
1) the comparison of different varieties of sorghum (from Italy and three 
African countries), conducted on the porridge before and after in vitro gas-
trointestinal digestion, by: 
1.a) analysing the biological effects (total protein content and the modu-
lation of antioxidant capacity) of the matrices using an in vitro model 
(line DLD-1 from human colon adenocarcinoma);  
1.b) determining tannins, phytate and selected trace minerals content in 
sorghum samples before and after food processing (fermentation and/or 
cooking) through analytical approaches; 
1.c) estimating the bioaccessibility and bioavailability of iron and zinc in 
sorghum, before and after food processing, through two mathematical 
models. 
 
2) the study of AN activities in the porridge in the absence and presence of 
fermentation and/or cooking, representing the food processes suitable for 
the production of the main porridge types, as well as other sorghum prod-
ucts, in developing countries.  The objective was to determine whether such 
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food processes influence the concentration and activity of AN and the bio-
accessibility and bioavailability of iron and zinc, by using the same in vitro 
approach (cell line DLD-1), the quantitative analysis and estimated bioac-
cessibility and bioavailability of iron and zinc as in 1.b) and 1.c), respective-
ly. 
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Background 
Sorghum  
Sorghum belongs to the grass family of Graminea. In 1974 Moench estab-
lished the genus Sorghum and grouped all the species together under the name 
Sorghum bicolor (Dicko et al., 2006) which includes five basic races (bicolor, 
guinea, caudatum, kafir and durra) and ten intermediate races. Sorghum is 
characterized by notable genetic variability: more than 30,000 selections in the 
world genetic collections exist (Assefa et al., 2010). 
Sorghum is the fifth largest most important cereal, after wheat, maize, rice 
and barley in the world and the second (after maize) in sub-Saharan Africa 
(Taylor, 2003). In 2007, the global area cropped with sorghum was 43.8 million 
hectares (Prasad and Staggenborg, 2009) and in 2010 the worldwide production 
was 59.51 million metric tons; with Nigeria, USA, Mexico and India represent-
ing the largest producers (USDA, 2010). Nearly 55 per cent of world’s sorghum 
cultivation areas are in Africa, representing one-third of the world crop produc-
tion: about 20 million metric tons per annum (Taylor, 2003). 
Sorghum is a real versatile crop: it can be used both for human and animal 
feeding, in the manufacture of potable alcohol and as bioenergy crop, for pro-
duction of biomass. In the United States, for instance, sorghum is primarily 
used for animal feed and, secondarily, in food and ethanol production, while in 
Africa, sorghum is mainly destined to human consumption and represents a 
basic staple food for many rural communities, especially in drought prone are-
as, characterized by shallow and heavy clay soils (Du Plessis, 2008).  
Sorghum can be cultivated over a wide range of ecological conditions than 
the majority of the food crops: it is well adapted to both temperate and tropical 
zones (BOSTID, 1996). Moreover, it can grow in all Africa's climatic zones, be-
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ing drought-resistant and able to withstand periods of water-logging (Taylor, 
2003). 
In Africa, sorghum is a subsistence food crop for many indigent people and 
it is considered the viable food grain for many of the world’s most food inse-
cure people. Together with millet, it represents the major source of energy and 
protein for about one billion people in the semi-arid region of tropics and it is 
part of the staple diet of more than 300 million people in developing countries 
(Taylor, 2003). 
Sorghum is an important crop due to its large number of utilizations, be-
sides human food: the whole plant is often used as forage, silage or hay, while 
the stems for building, weaving or firewood. Stems of some varieties are also 
use as biomass for biogas production or processed for sugar and syrup. Other 
industrial products, like vegetable oil, adhesives, waxes or dyes are obtained by 
sorghum processing. Finally, the seeds are used in the livestock sector, as feed 
for poultry, cattle and swine (BOSTID, 1996). 
 
Sorghum preparations  
A wide variety of traditional food products are produced from sorghum. 
The cereal is indeed incredibly versatile and can be prepared in a great number 
of way: some types are boiled like rice, some “malted” for beer production, 
some baked into flatbreads or cracked for porridge preparation, etc. Sorghum, 
mainly fermented, is the basic ingredient of many recipes in less developed and 
emerging countries (e.g. Senegal, Ethiopia, Burkina Faso, Nigeria), such as 
couscous, porridge and beer. Traditional recipes include porridges, such as ogi 
(Nigeria, Benin) and mahewu (East African Countries), bogobe (Ghana, Botswa-
na) typical breads like injera and kisra (Ethiopia, Sudan), dumplings such as 
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kenkey (Ghana, Botswana) and alcoholic beverages such as merissa (Zambia), 
seketeh (Sudan) and kishk (Ethiopia) (FAO, 1999b). 
Fermentation, mainly performed by lactic acid bacteria, generally of the 
genus Lactobacilli, is critically important, not only for the appreciated taste, but 
also with regard to the shelf-life and safety of food. The lactic acid produced 
during fermentation determines the reduction of food pH, which prevents or 
reduces the proliferation of microorganisms and, as a consequence, food spoil-
age and microbiological risks. Moreover, other than those related to food safe-
ty, other nutritional advantages of lactic acid fermentation have been stated: 
fermentation has been demonstrated to increase in vitro carbohydrate and min-
erals availability and starch ad protein digestibility (Moneim et al., 1994; Taylor, 
2003; Elkhalifa et al., 2004).  
Among fermented food, the porridge, in particular, is a staple component 
of the traditional diet, especially breakfast, for adult as well as young children; 
indeed it is used as weaning food.  
For its importance and wide use in developing countries, sorghum por-
ridge represents the main focus of this research project.  
 
Nutritional profile 
Sorghum kernel is composed of three main parts: pericarp (seed coat), em-
bryo (germ) and endosperm (storage tissue). The proportion among the parts 
varies, but the majority of kernels are constituted by 6 percent pericarp, 10 per-
cent embryo and 84 percent endosperm. Sorghum kernel is similar to whole-
grain, maize or wheat kernel and is made up by about 70 percent carbohydrate, 
11 percent protein, 3 percent fat, 2 percent fiber, and 1.5 percent ash (FAO, 
1995). The protein content of sorghum is usually 11-13%, but it is quite variable 
and can range from 7 to 15 percent (BOSTID, 1996, Dendy, 1995).  
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Table 1. Nutritional composition of sorghum 
    Main Components  Essential Amino Acids (g/16 g N)   
Edible portion (g) 100 Cystine                     1.3 
 
Moisture (g) 9 Isoleucine                4.0  
Food energy (Kc) 356 Leucine                  13.5  
Carbohydrate (g) 71 Lysine                      2.1  
Protein (g) 12.0 Methionine              1.3  
Fat (g) 3.4 Phenylalanine         4.9  
Fiber (g) 2.0 Threonine                3.3  
Dietary Fiber (g) 8.3 Tryptophan             1.0  
Ash (g) 2.0 Tyrosine                  3.1  
 
Micronutrients 
Vitamin A (RE) 
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Valine                      5.0  
Thiamin (mg) 0.35    
Riboflavin (mg) 0.14    
Niacin (mg) 2.8    
Vitamin B6 (mg) 0.5    
Biotin (μg) 7    
Pantothenic acid (mg) 1.0    
Vitamin C (mg) 0    
Calcium (mg) 21    
Chloride (mg) 57    
Copper (mg) 1.8    
Iodine (μg) 29    
Iron (mg) 5.7    
Magnesium (mg) 140    
Phosphorus (mg) 368    
Potassium (mg) 220    
Sodium (mg) 19    
Adapted from BOSTID, 1996 
However, like other cereals sorghum proteins are deficient in the essential 
amino acid lysine as well as in the sulphur-containing amino acids. In addition, 
it is reported to be a good source of more than 20 micronutrients as it is an im-
portant source of minerals, such as phosphorus, potassium, iron and zinc 
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and vitamins, both those of B  group (except for B12) and fat-soluble vitamins 
(A, D, E and K) (Table 1).  
In composition, sorghum grain compares favourably with some other cere-
als: it has similar protein content to wheat, but higher than maize and rice; as 
for iron content, sorghum is higher than wheat, maize and rice, but lower than 
millet. Concerning calcium, it has similar content to maize but lower than 
wheat, millet and rice (Table 2). 
 
Table 2. Nutritional composition of sorghum and other cereals  
Cereal 
Protein 
(g) 
Fat 
(g) 
Crude 
fibre 
(g) 
Carbohydrate 
(g) 
Energy 
(kcal) 
Ca 
(mg) 
Fe 
(mg) 
Thiamin 
(mg) 
Riboflavin 
(mg) 
Niacin 
(mg) 
Sorghum 10.4 3.1 2.0 70.7 329 25 5.4 0.38 0.15 4.3 
Rice 
(brown) 
7.9 2.7 1.0 76.0 362 33 1.8 0.41 0.04 4.3 
Wheat 11.6 2.0 2.0 71.0 348 30 3.5 0.41 0.10 5.1 
Maize 9.2 4.6 2.8 73.0 358 26 2.7 0.38 0.20 3.6 
Pearl 
millet 
11.8 4.8 2.3 67.0 363 42 11.0 0.38 0.21 2.8 
Data are expressed per 100 g edible portion; 12% moisture. Source: FAO, 1995 
 
The essential amino acid composition of sorghum is comparable to other 
cereals like maize or wheat, due to the limited content of threonine, arginine 
and, especially, lysine (Table 3).  
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Table 3. Amino acid content of cereals  
Amino Acid Sorghum 
Rice 
(brown) 
Wheat Maize 
Pearl 
Millet 
Barley Oats Rye 
Tryptofan 1.12 1.08 1.24 0.61 2.18 1.25 1.29 1.13 
Threonine 3.58 3.92 2.88 3.98 4.00 3.38 3.31 3.70 
Isoleucine 5.44 4.69 4.34 4.62 5.57 4.26 5.16 4.26 
Leucine 16.06 8.61 6.71 12.96 15.32 6.95 7.50 6.72 
Lysine 2.72 3.95 2.82 2.88 3.36 3.38 3.67 4.08 
Methionine 1.73 1.80 1.29 1.86 2.37 1.44 1.47 1.58 
Cystine 1.66 1.36 2.19 1.30 1.33 2.01 2.18 1.99 
Phenylalanine 4.97 5.03 4.94 4.54 4.44 5.16 5.34 4.72 
Tyrosine 2.75 4.57 3.74 6.11 … 3.64 3.69 3.22 
Valine 5.71 6.99 4.63 5.10 5.98 5.02 5.95 5.21 
Arginine 3.79 5.76 4.79 3.52 4.60 5.15 6.58 4.88 
Histidine 1.92 1.68 2.04 2.06 2.11 1.87 1.84 2.28 
Alanine … 3.56 3.50 9.95 … 4.60 6.11 … 
Aspartic Acid … 4.72 5.46 12.42 … 5.56 4.13 … 
Glutamic Acid 21.92 13.69 31.25 17.65 … 22.35 20.14 21.26 
Glycine … 6.84 6.11 3.39 … 4.55 4.55 … 
Proline … 4.84 10.44 8.35 … 9.02 5.70 … 
Serine 5.05 5.08 4.61 5.65 … 4.65 4.00 4.13 
Data are expressed as % amino acid in the protein. Adapted from NIIR, 2006 
 
Due to the lack of gluten, sorghum is considered suitable for people with 
coeliac disease (Kasarda, 2001; Ciacci et al., 2007; Schober et al., 2007). Sorghum 
might therefore provide a good basis for gluten-free products, such as cookies 
and bread. Nevertheless, gluten-free breads in general require a different and 
more complicated technology, due to the lack of a gluten network, with respect 
to gluten breads (Schober et al., 2007). 
 
Nutritional Concerns 
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The good nutritional value of sorghum is, nevertheless, impaired by the ac-
tivity of phenolic compounds (mainly condensed tannins) and phytic acid. The 
sorghum AN interact negatively with the bioaccessibility of essential elements, 
in particular iron and zinc; moreover, tannins reduce the digestibility of pro-
teins. The general mechanism involves the formation of insoluble complexes at 
physiological pH, due to the ability of phytic acid and tannins to bind proteins 
and divalent cations. The tannins are also able to bind human gut enzymes in-
volved in the cereal digestion. As a consequence, the AN presence reduces me-
tabolizable energy and amino acid availability as well as elicits an unbalanced 
intake of essential elements. 
 
Tannins  
The name ‘tannin’ derived from the French ‘tanin’ (tanning substance) and 
represents a group of polyphenolic secondary metabolites produced by many 
plants. 
Tannin are found in almost every part of the plant, including bark, wood, 
leaves, fruit, roots and seed and it is assumed that their principal biological role 
in the plant is related to protection against infection, insects, or animal her-
bivory. They provide plants with resistance to predators and pathogens, by act-
ing as phytoalexins (antimicrobial substances synthesized by plants as defen-
sive response) and increasing the astringency of food to make it unpalatable, 
and protect crops from preharvest seed germination and plague (Haslam, 1989; 
Porter, 1989; Bravo, 1998).  
In nature, tannins are found in many different families of the higher plants, 
while they have not yet been isolated from lower plants such as algae, or from 
the animal kingdom, and are, therefore, an integral part of the human diet 
(Bravo, 1998). 
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Their average molecular weight ranges between 500 and 3000 Daltons, but 
molecular weight as high as 30000 Daltons have been also reported (Bravo, 
1998; Haslam, 1998). 
Due to their enormous variety of structures, the nomenclature of tannins is 
often improper and full of erroneous interpretation. Their classification is main-
ly based on specific structural characteristics and chemical properties, but not 
all substances with tanning properties can be called tannins and, on the other 
hand tannins without tanning properties are classified as tannins for their 
structural characteristics (Khanbabaee and van Ree, 2001).  
Several authors espoused the classical definition of tannins formulated in 
1920 by Freudenberg. According to him, tannins can be divided into condensed 
tannins (proanthocyanidins) and hydrolysable tannins (gallo- and ellagitan-
nins).  
The former are oligomeric and polymeric proanthocyanidins consisting of 
ﬂavan-3-ol (catechin, epicatechin, etc.) monomers, flavan-3,4-diols (leucoantho-
cyanidins), or a combination of both, linked through carbon–carbon bonds 
(Fig.1a). Proanthocyanidins are polymeric flavonoids: a group of metabolites 
based on a heterocyclic ring system derived from phenylalanine and polyketide 
biosynthesis. Proanthocyanidins are substances yielding anthocyanidin pig-
ments upon oxidative cleavage in alcoholic solutions (e.g. via acid butanol 
chemistry) (Hagerman, 2002).  
The hydrolysable tannins consist of galloyl acids and/or hexahydroxydi-
phenic acids esteriﬁed to a central polyolcore (usually glucose) (Fig.1b) and are 
divided into gallotannins, which include also meta-depsides, and ellagitannins. 
The latter are formed from gallotannins by the oxidative coupling of at least 
two galloyl units. As indicated by their name, they are easily hydrolysed by 
treatment with acid, alkali, enzymes or hot water, liberating phenolic acids. 
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Tannic acid is the best-known gallotannin (hydrolyzable tannins), consisting of 
a pentagalloyl glucose molecule which can further esterify with other five units 
of gallic acid. 
 
Figure 1. Structures of condensed tannin monomers (a) and hydrolysable tannic acid (b)  
a. condensed tannin monomer            b. tannic acid 
 
Adapted from Nierop et al. (2006) 
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Tannins in plants foods 
Due to their widespread occurrence, tannins are an integral part of our dai-
ly diet. They are, indeed, almost ubiquitous in plant foods and their content 
may be particularly high in vegetables, cereals, legumes, fruits, nuts and bever-
ages, such as tea, wine, cocoa, etc.  
Their levels vary greatly even between cultivars of the same species, de-
pending on both genetic and environmental factors, but also germination, stor-
age and degree of ripeness (Bravo, 1998). Tannins are to some extent responsi-
ble for the sensory and nutritional quality of plant foods; e.g. the bitterness and 
astringency of foods and beverages are often linked to the content of tannins, 
because of their interaction with salivary proteins. Anthocyanidin pigments, for 
example, are responsible for the astringent taste of fruit and wines and also for 
the wide array of colours, like pink, red, violet, and blue in flowers, leaves, 
fruits and wines.  
All sorghum varieties contain polyphenolic secondary metabolites, includ-
ing phenolic acid and flavonoids, and varieties with a pigmented testa, 
B1_B2_genes, also contain condensed tannins (Hahn et al., 1984; Waniska and 
Rooney, 2000). Sorghum containing condensed tannins are diffused in almost 
all wild sorghum plants, whereas both tannin and non-tannin types are natural-
ly present in cultivated sorghums (Yuye et al., 2012). 
The concentration of tannins greatly varies among different cultivars, as 
well as among plants belonging to the same cultivar, and values of 0.8-70 mg/g, 
expressed as catechin equivalent, have been reported (Kunene et al. 1999 
Matuschek, 2005; McMillan et al. 2007). Sorghums are classified in different 
types, depending on tannins content: type I, no tannins; type II, tannins in pig-
mented testa; type III, tannins in pigmented testa and in the pericarp (Richard 
and Wayne, 2001). Sorghum with high tannin content is also called brown sor-
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ghum, even though the colour of pericarp is not brown. Tannins are the most 
abundant phenolic compound in brown sorghum.  
During maturation, the brown-sorghum grain develops astringency which 
protects the grain against insects, bird and fungi; this characteristic is vital in 
pest-ridden and arid regions of the world, where other crops fail (Butler, 1990; 
FAO, 1995). Interestingly, tannins have also been found in other grains, such as 
millets and barley, but not in major cereals, such as wheat, rice and maize 
(Dykes et al., 2007). 
 
Biological activities of tannins 
Tannins have different biological effects in human and animal nutrition be-
cause of their ability to chelate metal ions, form complexes with macromole-
cules and to act as antioxidants. Due to varied biological roles and the large 
amount of different structures of tannins, it is difficult to set relationships be-
tween their structure and the biological activity (Bravo, 1998; Hagerman, 2002). 
 
- Role in the bioaccessibility and bioavailability of trace minerals 
Bioavailability is defined as the proportion of a substance that is digested, 
absorbed, and utilized in normal metabolism (Palafox-Carlos et al., 2011); bioac-
cessibility is defined as the amount of an ingested nutrient that is available for 
absorption in the gut after digestion (Hedren et al., 2002); thus, the bioavailabil-
ity is expected to depend on the bioaccessibility, as well as on other fac-
tors.Tannins affect the absorption of trace minerals by forming insoluble com-
plexes in the gastrointestinal tract. The formation of complexes involves the 
phenolic hydroxylic and carboxylic groups present in tannins which show high 
affinity for metal ions such as iron, zinc and calcium, thus interfering with their 
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intestinal absorption (Brune et al., 1989; Bravo, 1998, Hallberg and Hulthén, 
2000). 
It is widely believed that metals chelated by tannins are not bioavailable 
for the organism, thus a diet based on consumption of large quantities of tan-
nin-rich food, such as sorghum, is associated with minerals deficiency diseases, 
such as iron-deficiency anaemia (Baynes and Bothwell, 1990; Mamiro et al., 
2005). Several studies have reported that the inhibitory effect of phenolic com-
pounds is dose dependent and both low- and high-molecular weight phenols 
are able to render metals unavailable for absorption (Brune et al., 1989; Hurrel et 
al., 1999; Larysse et al., 2000). 
It has been demonstrated that phenolic compounds with vicinal hydroxyl 
groups, such as ortho-dihydroxyl or thrihydroxyl groups, form stable complex-
es with both ferric iron (Fe3+) and ferrous iron (Fe2+),  even though the latter re-
sults to be less stable (Slabbert, 1992; Scalbert et al., 1999; Santos-Buelga and 
Scalbert, 2000). The iron-phenolic compound ratio differs, partly depending on 
pH, but 1:1 complexes are commonly formed (Slabbert, 1992). Nevertheless, 
other authors have found different ratios, such as 1:2 when iron complexes with 
gallocatechin or galloylated units or 1:3 with catechin units (Marmolle et al., 
1997; Jovanovic et al., 1998). 
 
- Influence on the digestibility of macronutrients 
Tannins are able to form complexes also with numerous types of mole-
cules, including proteins, carbohydrates and enzymes involved in their diges-
tion, polysaccharides and bacterial cell membranes.  
Although most polyphenolic compounds have the capacity to bind and 
precipitate protein, highly polymerized tannins result to be the most effective 
precipitators of proteins, determining their reduced digestibility and a subse-
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quent increase in faecal nitrogen excretion (Bravo, 1998). Tannin- protein inter-
actions are specific and dependent on both protein and tannin structure: pro-
teins of large molecular size, characterized by open and flexible structures and 
rich in proline and tannins of high molecular weight and with high conforma-
tional mobility are believed to favour strong complexes (Hoffman, 2003). In ad-
dition, the interaction is influenced also by other factors, such as temperature, 
pH and tannin-protein ratio (Hagerman, 1998). Complexes between tannins 
and proteins are formed by hydrogen bonds with the protein’s carboxyl group, 
with less frequent contribution of covalent or ionic bonds (Hagerman, 1992; 
Bennick, 2002).  
Different studies have shown that precipitation of tannin-protein complex-
es is pH-dependent and is at highest level at pH values close to the protein 
isoelectric point (Hagerman et al., 1978; Bennick, 2002). In the interaction with 
proteins, both soluble and insoluble complexes are formed, depending on the 
size and concentration of both molecules. When proteins are in excess, due to 
fewer tannin binding sites per each protein, soluble complexes are favoured; 
conversely, when tannins are in excess, and form a hydrophobic outer layer in 
the complex surface, insoluble complexes are constituted (Van Buren and Rob-
inson, 1969; Hagerman, 1992).  
Moreover, tannins are able to bind other endogenous proteins, such as di-
gestive enzymes, and inhibit them. Likewise, they can form complexes with 
other macronutrients, such as carbohydrates, polysaccharides and lipids, and 
affect the glycemic and insulinemic responses and faecal fat excretion (Bravo, 
1998). 
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- Antioxidant Activity  
Even though the ability of tannins to chelate trace minerals is related to 
negative effects in some circumstances (especially in poor varied diets and in 
condition of minerals deficiency), it can result beneficial in others. The positive 
properties of tannins are partly dependent on their ability to be absorbed and 
metabolized in the organism (Matuschek, 2005). 
Recent studies demonstrated their role as antioxidant, scavengers of free 
radicals and their implication in the prevention of pathologies such as cardio-
vascular diseases and cancer (Shahidi and Wanasundara, 1992; Bravo, 1998; 
Hagerman et al., 1998). The antioxidant activity of tannins can be related to their 
favorable redox potential and their relative stability of the aryloxy radical and 
free or protein-complexed condensed and hydrolyzed tannins are demonstrat-
ed to be more effective in scavenging radicals than small phenolic compounds 
(Hagerman, 2002). Chelation of metals copper and iron, potential initiators of 
hydroxyl radical production by the Fenton and Haber-Weiss reactions, is one of 
the ways polyphenols exert their antioxidant activity. Phenolic compounds in-
terfere with the oxidation of molecules by donating a hydrogen atom to radi-
cals (Bravo, 1998). 
Nevertheless, under certain conditions, such as high concentrations of 
phenolic antioxidants, high pH and presence of iron, they can exert a pro-
oxidative effect in Fenton-driven systems, by initiating an auto-oxidative pro-
cess (Aruoma et al., 1993; Bravo, 1998, Hagerman, 2002). 
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Phytic acid  
Phytic acid (PA) is the primary storage compound of phosphorus in cere-
als, legumes, nuts and oil seeds, accounts for up to 90% of total phosphorous 
content and contribute as much as 1.5% to the seed dry weight (Lott et al., 2009). 
PA is also named inositol hexaphosphate (IP6), or phytate as a salt, its molecu-
lar formula is C6H18O24P6 and its structure is shown in Figure 2 (Coulibaly et al., 
2011).  
 
Figure 2. Structure of phytic acid 
 
Source: Coulibaly et al., 2011 
Its principal functions in seeds are storage of phosphates as source of ener-
gy and antioxidant for the germinating seed (Raboy, 2003; Bohn et al., 2008). PA 
biosynthesis starts after flowering and it accumulates during maturation until 
desiccation of plant seed and grains. Phytate is stored in protein storage vacu-
oles as globoids mainly located in the aleurone cell layer (in sorghum, wheat 
and barley) or in the embryo (in maize) of the seed. The amount of PA in plants 
is very variable and, presumably, it depends on growing conditions and har-
vesting techniques (Okazaki et al., 2005, Coulibaly et al., 2011). 
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Nevertheless, phosphorus in PA is mostly not biologically available to mo-
nogastric animals, due to insufficient degradation capabilities in their gastroin-
testinal tract under the pH conditions of the small intestine (Minihane and 
Rimbach, 2002; Bohn et al., 2008; Coulibaly et al., 2011). 
 
Biological activities of phytates 
Like tannins, also PA has the ability to chelate metal cations, primarily 
iron, zinc, calcium, as well as proteins and digestive enzyme, such as pepsin, 
amylase and trypsin. The creation of insoluble complexes with metals and pro-
teins determines their unavailability as nutritional factors and can lead to defi-
ciencies in population where staple food like sorghum, wheat and maize repre-
sent the principal source of nutrition. At a low pH below the isoelectic point of 
proteins, positively charged terminal amino groups like lysyl, histidyl and ar-
ginyl can form complexes with negatively charged phytate anion. In normal 
steric condition, each phytate anion can interact with two charged groups of 
protein (Figure 3) (Coulibaly et al., 2011). 
 
Figure 3. Formation of complexes of phytic acid with metal cations and protein residues  
 
          Source: Coulibaly et al., 2011 
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As aforementioned, phytates form strong complexes also with metals. The 
strong chelating effect of the phosphate groups of PA with divalent mineral cat-
ions is probably due to the high affinity of them for inositol phosphates of PA 
and the strength of binding becomes progressively lower and, conversely, the 
solubility higher, for the lower inositol phosphates (Harland and Morris, 1995; 
Persson et al., 1998). PA molecule contains 12 dissociable hydrogens; in condi-
tions of excess of phytic acid, formation of soluble complexes between PA and 
metal cations of ratio 1:1 predominates; vice versa, when metal cations are in 
excess, insoluble phytates with stoichiometry between 1:2 and 1:5 are formed 
(Torres et al., 2005 Bohn et al., 2008).  
In cereals mostly used form preparing weaning food for children, like sor-
ghum, phytates were revealed to have a direct correlation with poor iron and 
zinc status, commonly seen after 6 months of age in low-income countries (Gib-
son 1994, Abdel-Rahim and El-Beltagi, 2010).  Another study carried out in Ma-
lawi reported a correlation between a high intake of phytates and the poor iron 
and zinc status in preschool children (Lind et al., 2003).  
The reduction of iron absorption by phytates in human subjects has been 
demonstrated to be dose-dependent and even a small amount of phytates in 
food can markedly reduce it (Hallberg et al., 1989). This dose dependency has 
been confirmed by Siegenberg et al. (1991), who also found that the inhibition of 
PA on iron absorption can be reduced by ascorbic acid. 
In order to reduce the binding property of phytates, and thus increase the 
bioaccessibility and bioavailability of minerals and proteins, phytates should be 
in the lowest amount as possible, ideally 25 mg or less per 100 g or about 
0.035% of ingested food (Onomi et al., 2004). Alternatively, according to Hurrell 
(2004), in order to improve iron absorption, the phytates:iron molar ratio 
(Phy/Fe) should be below 1:1 and preferably 0.4:1. However, in composite 
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meals containing ingredients enhancing iron absorption such as ascorbic acid 
or animal protein, a phytates:iron molar ratio < 6:1 is proposed (Hurrell and 
Egli, 2010).  
Additional studies have shown the ability of PA to inhibit also other min-
erals, such as zinc (Navert et al, 1985; Gibson, 2006) calcium (Weaver et al, 1991) 
as well as magnesium (Bohn et al, 2004) absorption. Concerning phytates:zinc 
molar ratio (Phy/Zn), Gibson (2006) proposed different ranges, based on ab-
sorption studies in humans: a ratio <5 has been associated with high bioavaila-
bility, 5 to 15 with moderate bioavailability and >15 with low zinc bioavailabil-
ity corresponding to around 50%, 30% or 15% of total zinc, respectively. Thus, 
according to these authors, Phy/Fe and Phy/Zn molar ratios can be used as in-
dices to estimate bioavailability of these minerals. 
In literature, two main processes able to reduce the inhibitory effect of PA 
on mineral absorption are suggested: the mechanical removal of PA by pro-
cesses such as extraction or milling and the enzymatic degradation of PA, by 
activation of endogenous or addition of exogenous phytases (Hurrell, 2004). 
Beneficial effects of phytates 
Although the numerous adverse effects of its inadequate intake, studies 
have been reported that PA can also have several beneficial properties. Numer-
ous recent studies have demonstrated the ability of phytates to act as an antiox-
idant, by binding iron ions in solution, and thereby prevent ferric irons from 
participating to the generation of the hydroxyl radical ·OH via the Fenton reac-
tion (Graf et al., 1987; Midorikawa et al., 2001; Bohn et al., 2008). PA is also im-
plicated in the delay of glucose absorption (Lee et al., 2006; Yoon et al., 1983) de-
crease of cholesterol and triglycerides in plasma (Katayama, 1995 Onomi et al., 
2004), reduction of kidney stone formation (Grases et al., 1998; Selvam, 2002), as 
well as reduction of the bioavailability and, therefore, toxicity of heavy metals 
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such as lead (Rimbach et al., 1996) and cadmium (Rimbach and Pallauf, 1997). 
Moreover, tests in vitro have also revealed positive effects of PA against carcin-
ogenesis, by reducing cell proliferation in different cell lines, such as human 
mammary cancer cells (Shamsuddin, 1995), and enhancing the immune system 
(Bohn et al., 2008). 
Due to its potential favourable effects, the setting of Recommended Daily 
Intakes (RDI) of PA has been suggested: nonetheless, these values could be 
quite variable among countries as well as among different population groups 
(Coulibaly et al., 2011), depending on the age, physiological and nutritional sta-
tus. These suggested RDI should not be exceeded: however, vulnerable groups 
of population, including children under six, pregnant women and people suf-
fering from macro- and/or micronutrient deficiencies, are recommended to in-
gest lower amount of PA (Coulibaly et al., 2011). For such groups, a varied diet 
and/or adequate food processing could be exploited for reducing PA’s activity.  
 
Influence of landrace on nutritional characteristics 
A landrace, o traditional variety, is a plant population with a limited range 
of genetic variation, which is adapted to local agro-climatic conditions and 
which has been generated, selected, named and maintained by traditional 
farmers (Teshome et al., 1999). 
As many nutritional characteristics of plants are strictly dependent by local 
agro-climatic conditions, it is worthwhile to hypothesize that a large difference 
in the amount of nutrients as well as AN profile among landraces exist. 
The chemical composition of cereal grains has been reported to vary wide-
ly, depending on environment, soil, and variety (FAO, 1966; Bryden et al., 2009; 
Mutayoba et al., 2011). Kayodé et al., (2007) pointed out that, with regard to tra-
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ditional sorghum varieties, iron and zinc content are more influenced by the 
environmental component (e.g. field location) than by genetic variation. 
Furthermore, there is a clear difference among traditional varieties also 
with regard to AN content. A marked influence of the soil, pesticides and other 
chemicals and environmental conditions on the amount of both phenolic 
coumpounds and phytates has been shown (Parr and Bolwell, 2000; Tomas-
Barberan and Espín, 2001; Dykes et al., 2005; Godoy et al., 2005; Soetan and 
Oyewole, 2009). 
 
Impact of sorghum processing on nutritional characteristics 
The nutritional value of sorghum can be improved through appropriate 
processing methods. Processing can ameliorate the food, by either inactivating, 
destroying or removing toxins or AN without any change in the nutritive value 
and acceptability of the food product (Waliyar et al. 2007). Several processing 
methods have been reported to significantly reduce AN concentrations prior to 
consumption (Ikemefuna et al., 1991; FAO, 1995; Mahgoub and Elhag, 1998; 
Abdelhaleem et al., 2008; Neelam, 2012). Nevertheless, together with reducing 
AN, food processing can determine a reduction of nutrients as well. Milling of 
cereals, for instance, removes large amount of PA, but this treatment removes 
at the same time the majority of the minerals and dietary fibres of the food 
(Bohn et al., 2008). Similarly, soaking or extracting in aqueous solutions can re-
move up to 75% of the PA, but loss of minerals, vitamins and water-extractable 
proteins also occurs (Hurrell, 2004; Claver et al., 2010). Afify et al. (2011) report-
ed that soaking sorghum for 20 hours in distilled water reduces phytate content 
by 32.4%, but also zinc by about 30% and iron reduced by between 28.16 and 
40.06%. Similar results have been stated also by Lestienne et al. (2005), who re-
ported a loss of about 40% of iron and 30% of zinc during soaking. 
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A number of studies reported that the content of specific AN is significant-
ly modulated by fermentation and cooking, such as the reduction of phytate 
and tannins content during fermentation and protein digestibility during cook-
ing (Marfo et al., 1990; Abdelhaleem et al., 2008; Mohammed et al., 2010). More-
over, since in Africa sorghum porridges are usually prepared by cooking slurry 
of fermented or unfermented flour in boiling water (Rooney et al., 1986; Asante, 
1995), the role of fermentation and cooking in reducing the content and/or the 
biological activity of AN are therefore considered. 
Cooking 
Cooking, especially in boiling water, is one of the most common household 
practices of sorghum processing. In addition to make food appetizing and safe, 
cooking has been demonstrated to reduce almost all heat-labile antinutritional 
as well as nutritional factors.  
Reduction in AN content during various cooking times has been reported 
in many studies (Ikemefuna et al., 1991; Alonso et al., 1998; Alonso et al., 2000; 
Abdelhaleem et al., 2008). Cooking has been shown in reducing phenolic con-
tent in sorghum by 28-31% (Abdelhaleem et al., 2008) and 38-70% when in com-
bination with other processes, like grinding and sieving (Kayodé et al., 2007). It 
has been suggested that the decrease in phenolic compound content by cooking 
may be caused by the leaching out of this compound into the water (Barroga et 
al., 1985; Osman, 2007), or by reduced extractability as a result of a change in 
chemical reactivity (Reddy et al., 1985; Kataria et al., 1989). 
Incongruous data exists on the impact of cooking on phytate content of 
sorghum. Kayodé et al. (2007) reported that cooking did not affect phytate con-
tent. On the other hand, other authors observed a decrease in phytate content 
when sorghum was cooked (Clydesdale and Camire, 1983; Marfo et al., 1990; 
Mahgoub and Elhag, 1998; Abdelhaleem et al., 2008). Generally, cooking has 
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found to have modest reducing effect on phytate levels, which commonly 
ranged from 8.6-10% (Abdelhaleem et al., 2008) to 16% (Marfo et al., 1990) and 
Clydesdale and Camire (1983) reported that cooking reduced the mineral-
binding potential of the naturally present phytate. However, most investigators 
reported that cooking had a lesser reductive effect on phytate levels compared 
with fermentation. 
As previously stated, cooking determines also the reduction of important 
nutrients. Some B-group vitamins, like riboflavin and vitamin B-6, are lost and 
the concentrations of lysine, tryptophan, and total aromatic and sulfur-
containing amino acids decreased in the cooking process (Soetan and Oyewole, 
2009). Moreover, a fall in in vitro protein digestibility during cooking has been 
copiously documented (Hamaker et al., 1986; Klopfesntein and Hoseney, 1995; 
Duodu et al., 2002; Taylor and Taylor, 2002; Abdelhaleem, et al, 2008).  
Condensed tannins have been implicated in the reduction of protein di-
gestibility in sorghum during cooking (Chibber et al., 1980; Elkhalifa and El Ti-
nay, 1994). Alternatively, a number of authors, including Hamaker et al., 1987; 
Duodu et al., 2002, 2003; Oria et al., 1995, suggested that cooking process reduc-
es digestibility of proteins by determining a conformational change in proteins 
that could facilitate formation of disulfide-linked polymers, which are less sus-
ceptible to the attack of enzymes. 
The positive and negative effects of cooking are summarised in the Table 4 
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Table 4. Synoptic table of positive and negative effects of cooking 
Positive Effects Negative Effects 
Make food appetizing and safe Reduction of some B-group vitamins 
Reduction of phenolic content Decrease of certain amino acids 
Decrease in phytate content* Fall in in vitro protein digestibility 
*observed only by some authors  
 
Fermentation 
Fermentation is one ancient technology used for the improvement and 
preservation of food. A large variety of fermented foods is still used today in 
developed as well as developing countries: in households, small-scale food in-
dustries and big enterprises (Motarjemi and Nout, 1996). Fermented foods form 
a major part of the diets of many populations all over the world and are widely 
used as weaning foods. In addition to nutritional benefits, fermentation has a 
big safety and economic importance as a method of food preservation, especial-
ly in many low-income countries where preservation techniques are improper 
due to lack of adequate facilities and resources (Motarjemi and Nout, 1996; 
FAO, 1998). Traditionally, fermentation is widely used for processing sorghum 
(Boling & Eisener, 1982; Novellie, 1982; Sooliman, 1993). Fermented sorghum is 
indeed the basic ingredient of many recipes in less developed and emerging 
countries, such as couscous, porridge and beer, and is particularly important 
also as weaning food for infants (FAO, 1999a, Faber et al., 2001; Osungbaro, 
2009). The microorganisms involved in spontaneous fermentation of sorghum 
include lactic acid bacteria and yeasts, such as Lactobacillus spp, Acetobacter spp. 
and Saccharomyces cervisiae (Vieira-Dalodé et al., 2007; Tsaousi et al., 2008; Nout, 
2009; Afolayan et al., 2010; Nwachukwu et al., 2010). 
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There is considerable evidence showing that fermentation brings biologi-
cal, chemical as well as nutritional benefits (Table 5).   
 
Table 5. Synoptic table of positive and negative effects of fermentation 
Positive Effects Negative Effects 
Improvement and preservation of food 
Reduction of some hydrolyzed elements 
for metabolic activities 
Reduction of phenolic content 
Decrease in phytate content 
 
Inhibition of growth and toxin production 
of numerous pathogenic bacteria 
Improvement of the availability of certain 
B-group vitamins and trace minerals 
 
Improvement of the in vitro protein and 
starch digestibility 
 
Lactic acid fermentation inhibits growth and toxin production of numerous 
pathogenic bacteria, by competition, reduction of pH and production of antimi-
crobial factors, including lactic acid. Moreover, fermentation contributes to con-
fer quality and desirable sensorial properties as well as reduce some naturally-
occurring toxic compounds, such as cyanide levels in cassava (Motarjemi and 
Nout, 1996). Another important function of fermentation is the change in nutri-
ent composition; for example by decreasing the level of carbohydrates, as the 
principal energy source of fermenting microorganisms, and improving the 
availability of certain B-group vitamins and in vitro protein and starch digesti-
bility (Hassan and El Tinay, 1995). Fermentation also influences the levels of 
reducing sugars in sprouted seeds and causes increases in lipids, maybe due to 
increased activity of lipolytic enzymes which produced more free fatty acids 
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(Soetan and Oyewole, 2009). Finally, one of the most important properties of 
fermentation is the ability to reduce the activity of AN, mainly tannins and 
phytates. 
Reduced tannin content upon fermentation was observed by many investi-
gators (Ikemefuna et al. 1991; Antony and Chandra, 1998; Osman, 2004; Towo et 
al., 2006; Abdelhaleem et al., 2008; Svensson et al., 2010; Schons et al., 2011): the 
decrease has been associated to microbial activity during fermentation (Dhank-
her and Chauhan, 1987; Ikemefuna et al. 1991; El Hag et al., 2002) or to abstrac-
tion of hydride ions and rearrangement of the phenolic structures due to the 
acidic environment (Towo et al., 2006). The reduction of tannin content due to 
fermentation is variable and in several cases notable: Osman (2007) and Abdel-
Rahman (2000) reported a reduction in tannin in three different sorghum varie-
ties ranged from 15 to 35% and 52.7 - 56.9%, respectively. A higher tannin re-
duction during natural fermentation has been found by Abdelhaleem et al. 
(2008) and Hassan and El Tinay (1995) who reported a reduction in tannin con-
tent of 60-70%, respectively, and Elkhalifa and El Tinay (1994) reached an even 
decrease of 92% in tannin content through fermentation.  
The important effect of fermentation in the reduction of phytates in sor-
ghum is thoroughly documented by many authors, including Ikemefuna et al. 
(1991), Idris et al. (2005), Towo et al. (2006); Osman (2007), Abdelhaleem et al. 
(2008), and Abdelseed et al. (2011). The rate of decrease is different among vari-
eties and it strongly depends on time of fermentation: as the period of fermen-
tation increases, a decrease in phytic acid content occurs. Data reported by dif-
ferent studies indicate that the decrease of PA during fermentation ranges from 
about 68% in Mohammed et al. (2010) 16h fermentation (Abdelhaleem et al., 
2008), to 72% in 36h fermentation (Kruger et al., 2012). Even though 16h fermen-
tation is a little time span, the difference in terms of results with a prolonged 
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fermentation is negligible. The degradation of phytate acquires nutritional im-
portance because as the mineral binding strength of phytate decreases, the bio-
availability of proteins and minerals could increase. A number of recent studies 
have reported that the reduction of phytate content of foods may have benefi-
cial impact, in particular, on iron availability (Minihane and Rimbach, 2002; 
Sandberg and Andlid, 2002; Osman, 2004; Lestienne et al., 2005). 
It has been suggested that the decrease of phytate during fermentation 
might be due to the action of fermenting microorganisms able to hydrolyze 
phytate into lower inositol phosphates: inositol mono-, bi-, tri-, tetra- and pen-
taphosphates (IP1, IP2, IP3, IP4 and IP5, respectively). The reduction in pH of 
fermented foods, caused by the production of various organic acids (e.g. lactic 
acid, citric acid and acetic acid), favours the activity of the enzyme phytase (en-
dogenous or from lactic acid bacteria) able to dephosphorylate phytate effec-
tively (Marfo et al., 1990; Sandberg and Andlid, 2002; Reale et al., 2007; Ab-
delseed et al., 2011).  
Different cereals have different phytase activity: wheat, barley and rye all 
have high phytase activity, whereas sorghum, maize and millet have low basal 
phytase activity, but it increases rapidly after adequate processing (Egli et al., 
2002). When yeasts are present, they may also contribute to phytase activity 
(Lambrechts et al., 1992). Certain yeasts, such as Saccharomyces cerevisiae, Saccha-
romyces pastorianus and Candida krusei, were found to have an important 
phytase activity in grain-based food and beer (Nuobariene et al., 2011). 
 
The combination of coking and fermentation has been demonstrated to 
improve the nutrient profile of food and reduce AN to higher levels than any 
other processing methods analyzed (Ikemefuna et al., 1991; Chavan et al., 2006). 
Abdelhaleem et al., (2008) found that cooking of slurry after short-term (16 h) 
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fermentation further reduced tannin content by 63-76% and phytate content by 
66-68%, to a higher extent than fermentation and cooking processes alone. Oth-
er authors stated that the combination of fermentation and cooking (either fer-
mentation before and after cooking) improves also in vitro protein digestibility 
when compared with cooking alone (Taylor and Taylor, 2002; Fadlallah et al., 
2010). According to these authors, fermentation seems to partially reduce the 
adverse effect of cooking on sorghum protein digestibility. 
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Project design 
 
The available literature reports that sorghum nutritional characteristics, in-
cluding the content of some AN, may be related to the variety (Awadelkareem 
et al., 2009) and/or be modulated by processing methods (Marfo et al., 1990; Ab-
delhaleem et al., 2008; Mohammed et al., 2010). Nevertheless, these findings re-
sult from the dosage of the investigated analytes; the net effect of whole sor-
ghum upon fermentation and/or cooking has never been investigated in biolog-
ical systems. In fact, the study of the effects of a food in its entirety is a topic 
still poorly developed. Moreover, only limited data exist on the integrated and 
comparative assessment of the role of variety and main traditional processing 
methods on the sorghum nutritional characteristics. 
The aim of this study was therefore to examine the impact of both food 
processing and variety on tannins, phytic acid and AN-related activities in sor-
ghum porridge, trough in vitro and analytical approaches. 
 
The in vitro analysis allowed assessing the biological effects of whole sor-
ghum, resulting from the combination of AN and nutrient content; the in vitro 
model used has been selected as representative of the human intestine epitheli-
al cell, namely the cell line DLD-1. These results have been integrated with the 
determination of the AN content in order to determine whether biological ac-
tivities are related to quantitative variations of specific AN and to support un-
derstanding of any combined (additive, antagonistic, etc.) effects. Moreover, 
since AN dosage has been performed in sorghum porridge before and after 
fermentation and cooking, the effect of the two food processes on the content 
and activity of specific AN has been evaluated. In addition, the modulating ef-
fects of the variety on both the aforementioned effects have also been evaluat-
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ed. Finally, the estimation of iron and zinc bioaccessibility and bioavailability 
has been performed through two mathematical models. 
 
The work started with a pilot study in Ouagadougou (Burkina Faso) and 
continued with the development of specific in vitro and analytical methods. 
 
Pilot study (Manuscript 1)  
At the beginning of the research project, a pilot study was conducted in 
Ouagadougou, capital of Burkina Faso, in collaboration with the University of 
Ouagadougou. This study has allowed the collection of samples as well as to 
gain direct knowledge about technologies, processes and traditional consump-
tion of sorghum porridge through an investigation to local markets and bench-
es of street food vendors. The findings of the pilot study have been used for the 
preparation and development of the entire project as well as in the drafting of 
the Manuscript 1. 
 
In vitro analysis (Manuscript 2) 
The research activity involving the in vitro methods has been carried out at 
the Food and Veterinary Toxicology Unit within the Dept. of Veterinary Public 
Health and Food Safety of the Italian National Institute of Health (ISS). 
In order to analyse the biological effects of the matrices on the cell line, the 
assessment of the antioxidant capacity and the quantization of total protein 
content have been performed. 
Prior the evaluation of AN biological activities of porridges in an in vitro 
model, an in vitro gastrointestinal digestion on each sample was conducted, in 
order to simulate the digestion processes in the human gastrointestinal tract. 
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The DLD-1cells have been then exposed to soluble extracts. The biological ac-
tivities are assessed by: 
1) preliminary determination of exposure conditions devoid of cytotoxicity, 
through the analysis of cell respiration and proliferation by colorimetric 
assay with 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS Assay); 
2) the study of functional markers able to detect biological activities of AN 
in the lysed cells, namely: 
- antioxidant capacity through the assessment of the Glutathione Pe-
roxidase modulation by ELISA assay;  
- quantization of total protein content by Bicinchoninic Acid method 
(BCA method).  
 
Content of AN and Trace Elements (Manuscript 3) 
The dosage of AN and trace elements has been performed at the Dept. of 
Prevention of Malnutrition and Related Pathologies (“Prévention des Malnutri-
tions et des Pathologies Associées”- Nutripass) within the Institut de Recherche 
pour le Développement (IRD) at Montpellier, France.  
AN and trace minerals were measured in sorghum porridges upon differ-
ent preparation processes, in order to determine modification in their content 
and a potential relationship between quantitative variations and AN biological 
activities 
The content of AN has been evaluated by:  
1) The determination of iron binding phenolic groups in tannins, namely 
catechol and galloyl groups, in all samples by the modified ferric am-
monium sulfate (FAS) method by Brune et al. (1991)   
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2) The determination of phytate content according to the method of Tala-
mond et al. (1998) and Lestienne et al. (2005) 
The total amount of calcium, iron and zinc in the samples has been deter-
mined by the method described in Hama et al. (2011) followed by analysis with 
Atomic Absorption Spectrophotometer. 
 
Bioaccessibility and Bioavailability of trace elements (Manuscripts 
2-3) 
Over the years, the term bioavailability has known many interpretations as 
consensus on its definition has been lacking among researchers (Hurrell, 2002; 
Versantvoort et al., 2004). The term bioavailability, indeed, has been often con-
fused with bioaccessibility.  
The bioavailability of a compound has been suggested to result from the 
release of the compound from the matrix into digestive juices in the gastrointes-
tinal tract (bioaccessibility), the transport across the intestinal epithelium into 
the portal vena (absorption) and its metabolism (Versantvoort et al., 2004). In 
the present thesis, the term bioavailability of trace elements is used to describe 
the amount of trace elements available for metabolic use, after a process that 
simulates the human digestion system. 
The bioavailability of trace elements has been assessed through the molar 
ratios of phytate to iron and zinc and the iron bioaccessibility through the study 
of algorithms (limited to iron). 
Molar ratios of phytate to iron and zinc have been suggested in order to es-
timate the bioavailability of these two trace elements by Davies and Olpin 
(1979), Saha et al. (1994) and Hurrell and Egli (2010). The study of algorithms in 
order to predict iron absorption has been suggested by Hallberg and Hulthén 
(2000). The proposed algorithm would predict the effect of factors able to influ-
51 
ence (both positively and negatively) heme- and non heme- iron absorption 
from meals and diets. For this thesis, the algorithms considered the main fac-
tors relevant to sorghum, namely phytates, tannins and calcium.  
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Materials and Methods 
Materials 
Sorghum samples  
Five different sorghum varieties were investigated: three varieties from Af-
rica and two from Italy. The grains from Africa were three traditional varieties 
(landraces) purchased from local markets in Lagos (Nigeria - N), Dakar (Sene-
gal - S) and Ouagadougou (Burkina Faso - B) in February-April 2011. The two 
Italian grains varieties were provided by the Institute of Agronomy, Genetics 
and Field Crops of the Università Cattolica del Sacro Cuore, Piacenza (Italy). 
One variety, namely Aralba (Ar), is a sorghum genotype for grain yield, while 
the other variety, ABF 306 (ABF), is a biomass sorghum hybrid selected by the 
Institute of Genetics of the Università Cattolica del Sacro Cuore. 
The grains of each variety were cleaned from damaged seeds and extrane-
ous materials and then milled with an automatic pestle mill with internal parts 
made in agate (model RM100 by Retsch GmbH & Co. Haan, Germany), to ob-
tain a fine flour. 
 
Treatments  
For each variety, slurry was obtained by mixing 100 g of the flour with 
200 mL of water. 
Fermentation and cooking of the porridges in this study were based on 
traditional practices.   
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- Fermentation  
The slurry was covered and kept for 72 hours at room temperature and 
away from light for spontaneous fermentation to occur. The pH reduction to an 
average value of 4.2 was a sign of occurred fermentation. 
 
- Cooking  
The slurry was further added with 100 mL water and cooked with constant 
stirring for 10 min at approximately 95 °C to obtain porridges.  
 
Subdivision of samples according to treatment 
For each variety of sorghum, four samples were so obtained, namely: 
 fc (fermented and cooked porridge),  
 c (unfermented cooked porridge), 
 f (fermented slurry), and  
 s (slurry).  
for a total of 20 samples. Samples were stored at - 80 °C prior analysis. 
 
In vitro methods 
Standard substances 
Porcine enzymes: pepsin (EC 3.4.23.1) and pancreatin (EC 3.1.1.3), bile salts 
and alpha-amylase (EC 3.2.1.1) from Bacillus subtilis, as well as phytic acid and 
catechin were supplied from Sigma-Aldrich (Steinheim, Germany). The Gluta-
thione Peroxidase Cellular Activity Assay Kit was purchased from Biovision 
(Mountain View, CA, US) and the Pierce BCA Protein Assay from Thermo Sci-
entific (Rockford, IL). 
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In vitro gastrointestinal digestion 
The in vitro gastrointestinal digestion was performed according to the 
method of Crews et al. (1996) with small modifications. Briefly, 5mL of gastric 
juice (1% w/v pepsin in 0.15 M NaCl, pH=2) were added to 1g sample and then 
incubated in a shaking water bath at 37°C for 4 h to allow pepsin digestion. 
Procedural blanks were run in parallel. Prior the intestinal digestion, the pH of 
the gastric digest was adjusted to 6.8 by addition of NaHCO3 2 M. Then, 5 mL 
of intestinal juice (3% w/v pancreatin, 1.5% w/v amylase, 1% w/v bile salts in 
0.15M NaCl) were added to each sample and incubation was continued for fur-
ther 4 h. Samples were then centrifuged at 8000 × g for 30 min at 4°C and the 
supernatant was filtered through a 0.45 µm-pore-diam. membrane filters. The 
supernatants (soluble fraction) were stored at -80 °C until use in cell assays.  
 
Cell line and culture conditions 
The cell line DLD-1, derived from a human colorectal adenocarcinoma, 
was chosen as in vitro model for the human gut epithelium. 
DLD-1 was kindly obtained from Prof. Maria Marino (Università Roma 
Tre, Roma), through the collaboration established with the Food and Veterinary 
Toxicology Unit of the ISS. 
Cells were cultured in RPMI 1640 medium without phenol red (Gibco, 
LifeTechnologies, Paisley, UK), supplemented with 10% Fetal Bovine Serum 
(Gibco), 2mM-glutamine (Gibco), 100 U/ml penicillin and 100g/ml streptomycin 
(Gibco). Cells were maintained in a humidified Steri-Cult 200 Incubator (Forma 
Scientific, Marietta, OH, USA) at 37°C and 5% CO2. 
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Growth inhibition assay and working concentration determination 
As a preliminary step, all samples (fc, c, f, s) were tested at different concen-
trations on cells, in order to determine the most suitable concentration to be 
used on the selected cell line, allowing to study AN-relevant activities in the 
absence of effects on cell viability. 
Test concentrations of samples were chosen by referring to the mean con-
centration of sorghum used for cell treatment, reported in a previous study by 
Rafi et al. (2008), as 0.5 mg/ml, utilized as a standard solution. The maximum 
concentration to be used in cell cultures and obtainable by filtering with 0.22 
µm filters without losing material onto the filter, was equal to 1/25 of standard 
solution. Such filtered solutions were utilized to prepare other sequential two-
fold diluted solutions ranging from 1/25 (20 µl/ml) to 1/200 (2.5 µl/ml) of stand-
ard solution.  
Cytotoxicity was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) inhibition as-
say (MTS-based CellTiter 96® AQueous Assay, Promega, Madison, WI, USA).  
Such assay is a colorimetric method for determining the number of viable 
cells in proliferation stage and it is based on the ability of mitochondrial dehy-
drogenases in viable cells to convert the MTS tetrazolium compound into form-
azan; conversion into formazan is directly proportional to the number of living 
cells in culture and, being colored, it can be detected by spectrophotometric 
reading.  
DLD-1 were plated at 5000 cells per well in RPMI 1640 medium in a 96 well 
flat bottomed multiwells and incubated overnight in a humidified incubator at 
37 °C to permit cell adhesion. All treatments were performed in triplicate, incu-
bating the cells for 72h at 37 °C with the different diluted solutions of each 
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standard and sample. The 72h treatment allowed to assess effects upon a chron-
ic in vitro exposure.  
At the end, 20µl of the CellTiter 96® AQueous reagent were added to cul-
ture wells incubating for 2h at 37 °C. Cell viability was determined by reading 
absorbance at 490 nm by a Victor 3 Multilabel Reader (PerkinElmer, Waltham, 
MA, USA). 
The cytotoxicity dose-response curve showed that all dilutions, except for 
the 1/200 one, affected cell proliferation. Accordingly, 1/200 dilution was select-
ed as working dilution, thus adopted as suitable test concentration for all sam-
ples. 
 
Cell line treatments 
DLD-1 cells were treated in a culture flask with 175 µL soluble fractions of 
samples, after in vitro gastrointestinal digestion, in 35 mL medium (1/200 ratio), 
or with the medium alone as control, and incubated for 72h at 37 °C. 
Treatments were performed in triplicate in order to obtain three biological 
replicas. After 72h, DLD-1 medium supernatants were collected and stored at -
80 °C, whereas DLD-1 monolayers were trypsinized, counted and stored at -80 
°C until use. 
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Study of functional markers 
- Antioxidant capacity through the assessment of the Glutathione 
Peroxidase 
Glutathione Peroxidase (GPx) family of enzymes (EC 1.11.1.9) plays im-
portant roles in the protection of organisms from oxidative damage. To assess 
any modulation in the activity of GPx exerted by each sample, we used the Glu-
tathione Peroxidase Activity Assay (Biovision, Mountain View, CA, US), a col-
orimetric assay based on the ability of GPx to convert reduced glutathione 
(GSH) to oxidized glutathione (GSSG), while reducing Cumene Hydroperoxide 
to its corresponding alcohol. The generated GSSG is reduced to GSH by Gluta-
thione Reductase (GR), with consumption of NADPH. The decrease of NADPH 
is proportional to GPx activity and it is easily measured at 340 nm. 
DLD-1 cell monolayers (about 106 cells) were homogenized in 0.2 ml cold 
Assay Buffer, centrifuged at 10,000 x g for 15 min at 4 °C, collecting the super-
natant. 2μl of each sample was dispensed in duplicate in a 96 well flat bot-
tomed multiwell, diluting to 100μl with the assay buffer. For each well, 40 µL of 
Reaction Mix, constituted by Assay Buffer, NADPH solution, GR solution and 
GSH solution, was added. After incubating the cells for 15 minutes, in order to 
deplete all GSSG, 10 µL of Cumene Hydroperoxide was added to start GPx re-
action. Absorbance was read at 340 nm (T1) and again after incubating the reac-
tion at 25 °C for 5 min (T2) or longer when GPx activity was low. 
GPx activity was obtained by the equation:  
 
GPx Activity =    ____(B - B0)___  x Sample dilution (nmol/min/ml = mU/ml) 
            (T2 – T1) x V 
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Where:  
B is the NADPH amount that was decreased between T1 and T2 (in nmol) 
B0 is the background change (without Cumene Hydroperoxide) between T1 
and T2 
T1 is the time of first reading (A1) (in min) 
T2 is the time of second reading (A2) (in min) 
V is the pretreated sample volume added into the reaction well (in ml) 
 
One unit of GPx activity is defined as the amount of enzyme that causes 
the oxidation of 1.0 μmol of NADPH to NADP+ per minute at 25°C. 
 
- Quantization of total protein content by BCA method 
The Pierce BCA Protein Assay (Thermo, Rockford, IL) is a colorimetric as-
say for the detection and quantisation of total proteins. This method is based on 
the reduction of Cu+2 to Cu+1 by proteins in an alkaline medium (the biuret reac-
tion) with the highly sensitive and selective colorimetric detection of the cu-
prous cation (Cu+1) using a unique reagent containing BCA. The purple-
coloured reaction product of this assay is formed by the chelation of two mole-
cules of BCA with one cuprous ion. The absorbance, nearly linear with increas-
ing protein concentrations, was read at 570 nm. 
DLD-1 cell monolayers were exposed to a solution containing ice cold RI-
PA Buffer (50 mM Tris-HCl, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal 
CA-630 (NP-40), 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sul-
phate) and the PMSF (phenylmethylsulfonyl fluoride, an inhibitor of protease) 
in a 100:1 ratio. 
Into a 96 well flat bottomed multiwell, 25 μl of each standard and sample 
biological replica was added to 200 μl of the Working Reagent to each well. The 
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Working Reagent was constituted by 50 parts of BCA Reagent A (Sodium Car-
bonate, Sodium Bicarbonate, Bicinchoninic Acid and Sodium Tartrate in 0.1 M 
NaOH) with 1 part of BCA Reagent B (containing 4% Copper Sulfate). 
After incubation at 37°C for 30 minutes and cooling to room temperature, 
the absorbance was read at 570 nm. 
 
Data analysis and statistics 
For all analyses, the results are reported as the mean of triplicate determi-
nations.  
Since the small sample size cannot guarantee that results reflect those of 
the whole population, a distribution-independent non-parametric Wilcoxon 
Rank Sum test was applied to compare statistical differences among samples. A 
p-value < 0.05 was set as significance level. Statistical analysis was performed 
by using the JMP 9.0 statistical software (SAS Institute Inc.).  
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Analytical methods 
Prior analysis, frozen samples were lyophilized for 48 hours at –40 °C in a 
freeze dryer Model Alpha 1-2 LD plus (Christ, Germany) and the resulted sam-
ples used for subsequent analysis. 
Dry matter (DM) contents were determined by oven drying at 105 °C to 
constant weight. 
 
Standard substances 
Phytic acid and catechin were purchased from Sigma-Aldrich, (Stockholm, 
Sweden) and tannic acid was obtained from Merck.  
 
Determination of iron binding phenolic groups 
The content of iron binding phenolic groups, i.e. catechol (ortho-
dihydroxyl) and galloyl (trihydroxyl) groups was determined with the modi-
fied ferric ammonium sulfate (FAS) method according to Brune et al. (1991) us-
ing a solution of 50% dimethylformamide (pH 4.4) as extraction solvent. The 
method was developed in order to determine iron binding phenolic groups of 
tannins in foods, which was of specific interest in this study. 
Catechol and galloyl groups form iron complexes with FAS which can be 
read spectrophotometrically at two wavelengths: 578 nm and 680 nm, corre-
sponding to the absorbance maxima of iron-galloyl and iron-catechol, respec-
tively. The amount of the catechol and galloyl groups was calculated against 
standard curves of catechin and tannic acid, respectively, at the two wave-
lengths. Catechin and tannic acid were used as standards of catechol and gal-
loyl groups, respectively. Catechols are expressed as mg of catechin equivalents 
(CE)/100g DM and galloyls as mg of tannic acid equivalents (TAE)/100g DM. 
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Determination of phytate content 
The determination of phytate content was performed according to the 
method of Talamond et al. (1998) with modifications: 0.2 g sample was extract-
ed with 10 ml 0.5M HCl during stirring for 6 minutes in boiling water, followed 
by centrifugation at 4500 g for 20 min at 4°C. The supernatant was dried in a 
Speed-Vac (JOUAN RC 10-10, Saint Herblain, France) vacuum centrifuge at 
45°C and the residue was reconstituted in 200 μL of Milli-Q water. After filtra-
tion through 0.2 µm pore-diameter filters, the filtrate was diluted 25x and phyt-
ate content was estimated by determination of myo-inositol-hexaphosphate 
(IP6) by high performance anion-exchange chromatography (Dionex AS50, us-
ing an AS-11 pre-column and column kit (Dionex, Sunnyvale, USA) according 
to the method detailed in Lestienne et al. (2005). 
 
Determination of phytase activity 
Phytase activity was determined only in the flour and fermented slurries, 
as endogenous phytases are deactivated by heat (Ryden and Selvendran, 1993) 
and activated when flour was suspended in water (Frias et al., 2003). The activi-
ty was evaluated through spectrophotometry, by determining phosphorous re-
lease during incubation of phytase extract in a sodium phytate solution (pH 
5.6) at a wavelength of 405 nm. Phytase extraction was performed from 2g of 
samples according to the method of Konietzny et al. (1995) with buffer modifi-
cation (0.1 M acetate buffer, pH 5.6). Samples were stirred for 2 h at 4°C and 
centrifuged at 10,000 g for 30 min at the same temperature. After eliminating 
phytates and free phosphorus from the supernatants by utilization of an AG 1-
X8 anion resin (Bio-Rad Laboratories, Richmond, CA), 3 ml of resulted enzyme 
extracts were incubated for 1h at 50°C with 2 ml of 2.5 mM sodium phytate so-
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lution and 9 ml of 0.1 M acetate buffer at pH 5.6. Phosphorous released by 
phytase activity was measured according to the method of Heinonen and Lahti, 
(1981), where 1 phytase unit (PU) is equivalent to the enzymatic activity that 
liberate 1µM of phosphorus from phytic acid per minute, according to a stand-
ard range prepared with 5 mM KH2PO4 solution. 
 
Determination of total iron and zinc content 
Total iron and zinc contents were determined according to the method de-
scribed in Hama et al, 2011. The two trace minerals were extracted with a 
closed-vessel microwave digestion system (ETHOS-1, Milestone, Italy), from 
about 0.4 g of flour in a 7:1 nitric acid/hydrogen peroxide mixture, and digested 
in a microwave oven at 1200 W power for 30 min.  
Iron and zinc content were analysed with an Atomic Absorption Spectro-
photometer (Perkin-Elmer Analyst 800) with a deuterium background corrector 
and identified by air–acetylene flame. 
The iron:zinc molar ratio (Fe/Zn) was calculated as relevant indicator of 
zinc bioavailability (Solomons and Jacob, 1981). 
 
Data analysis and statistics 
For all analyses, the results are reported as the mean of triplicate determi-
nations. All values were calculated per 100 g DM. The approximate DM content 
in the different treatment samples were as follows: fc and c = 16%, f = 19 % and r 
= 30%. 
Data were subjected to analysis of variance (ANOVA) and Tukey’s HSD 
multiple range test was used to compare means at the 5% significance level 
(Wilkinson, 1990), using the JMP 9.0 statistical software (SAS Institute Inc.).  
 
64 
Bioavailability and bioaccessibility of trace elements  
Molar ratios of phytate to iron and zinc 
The levels of phytic acid, iron and zinc have been converted in mole by us-
ing a molecular mass unit of 660 for phytic acid and an atomic mass unit of 56 
and 65 for iron and zinc, respectively.  Molar ratios of phytate to iron (Phy/Fe) 
and phytate to zinc (Phy/Zn) were then calculated. 
 
Study of algorithms 
Among the parameters considered in the algorithm proposed by Hallberg 
and Hulthén (2000) to predict dietary iron absorption, only the parameters con-
tained in sorghum are taken into account in this thesis, namely phytates, tan-
nins and calcium.  
The algorithm contains the value for iron absorption (relative to about 40% 
of the absorption of the reference dose of iron) from a single basal meal (low-
extraction (40%) flour) without taking into account components known to in-
hibit or enhance iron absorption. The mean absorption of iron, adjusted to 40% 
reference dose absorption, was 22.1. This basal value was then multiplied by 
factors present in the meal able to influence iron absorption, such as phytate, 
tannins and calcium, according to the following formula: 
 
 
 
Abs Fe (%) = 22.1 * f IP6 * f tannin * f Ca 
where: 
f IP6 = 10^[-0.30*log(1+phytate-P)]  
f tannin = 10^[0.4515-0.715*log tannic acid(mg) 
65 
f Ca = 0.4081+[0.5919/(1+10^-(2.022-log(Ca+1))*2.919)]  
In the computation of f IP6, 1mg of phytate-P= 3.53mg phytic acid  
The study of the algorithm has been reported to 50g of DM as it corre-
sponds to about 250g of porridge, assumed as the mean quantity likely to be 
ingested by an adult in a meal. 
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Results 
In vitro analysis 
Quantization of total protein content 
Results showed a significant difference among varieties. Overall, the cells 
exposed to samples from the two Italian cultivar (Ar and ABF) showed a signif-
icantly lower total protein content than those exposed to African samples (N, S 
and B) and the control (CTRL) cells (Figure 4). In particular, cells exposed to Ar 
showed a lowest total protein content, significant different to cells exposed to 
all other varieties; cells exposed to ABF showed a reduced total protein content 
with respect to the CTRL cells and those exposed to N, S and also to Ar. No 
significant difference has been shown between cells exposed to ABF and B and 
among cells exposed to the African varieties (Figure 4). 
 
Figure 4. Total protein content of cells exposed to different sorghum varieties  
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by 
Wilkoxon test (n = 20); bars indicate SD. 
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Fermentation and/or cooking both reduced the protein content as compared 
to the CTRL cells; the slurry (s)-exposed cells were not significantly different 
from either CTRL cells or cells exposed to processed sorghum (Figure 5). 
 
Figure 5. Total protein content of cells exposed to samples undergoing different  
treatments 
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by 
Wilkoxon test (n = 20); bars indicate SD. 
 
 
Across varieties, either fermentation and/or cooking of sorghum samples 
significantly reduced the protein content of exposed cells as compared to con-
trol cells (Table 6). 
Analysis of processing effects within the same sorghum variety showed 
that only DLD-1 exposed to B samples were significantly different in total pro-
tein content among treatments. In particular, cells exposed to cooked porridge, 
with (fc) and without fermentation (c), had total protein content significantly 
lower than slurry (s) and fermented slurry (f). On the other hand, comparisons 
among different varieties across the same treatment did not reveal any statisti-
cal difference (Table 6).  
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Table 6 . Effect of variety and food process on total protein content of DLD-1 cells ex-
posed to sorghum  
Treatment     Variety 
(µg/ml) 
 
Across 
varieties 
CTRL N S B Ar ABF 
Across pro-
cesses 
 2212±211A 2260±78.9A 2074±167A 1683±170AB 729±71.6C 1307±98.4B 
CTRL 2212±211a        
s 1674±153ab   2300±182 1469±113 2170±116a 952±272 1221±477 
c 1569±210b   2079±331 2489±70 1137±22b 548±267 1393±436 
f 1634±179b   2429±102 1685±382 2238±242a 707±148 1317±342 
fc 1470±194b   2304±316 1804±599 1189±453b 709±215 1296±287 
Mean values ± SEM of three replicates (n = 20). Values followed by different small let-
ters in the same column, and capital letter in the same row, are significantly different, 
as assessed by Wilkoxon test. Comparisons were made among treatments within the 
same variety. 
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Antioxidant capacity 
Varieties did not significantly influence the GPx activity of cells. There was 
no significant difference in the GPx activity neither among cells exposed to dif-
ferent sorghum varieties nor with respect to the CTRL cells (Figure 6). 
 
Figure 6. GPx activity of cells exposed to different sorghum varieties 
 
Mean values ± SD of three replicates (n = 20). Bars indicate SD. 
 
There was no significant difference in the GPx activity also between cells 
exposed to cooking, both alone (c) and with fermentation (fc), and CTRL cells. 
On the contrary, fermentation process significantly influenced the activity of 
GPx in cells. Cells exposed to fermented samples (f) showed, indeed, a reduc-
tion in the GPx activity with respect to cooked samples (c, fc), slurries (s) and 
the CTRL cells (Figure 7). 
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Figure 7. GPx activity of cells exposed to sorghum samples undergoing different  
treatments  
 
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by 
Wilkoxon test (n = 20); bars indicate SD.   
 
 
When considering the effect of processes on GPx activity in DLD-1 cells 
within the same sorghum variety, only ABF fermented slurry (f) induced a sig-
nificant reduction in GPx activity, being almost null, with respect to cooked 
porridges (both c and fc). On the other hand, no statistical difference was found 
among DLD-1 cells exposed to different varieties across the same treatment 
(Table 7).  
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Table 7. Effect of variety and food process on GPx activity of DLD-1 cells exposed to 
sorghum 
Treatment     
Varieties 
(mU/ml) 
 
Across 
varieties 
CTRL N S B Ar ABF 
Across 
processes 
  3.6 ± 0.8 2.5 ± 0.5 3.1 ± 0.7 2.1 ± 0.4 4.0 ± 0.8 3.0 ± 0.8 
CTRL 3.6 ± 0.8a        
s 3.1 ± 0.6a   3.6 ± 2.3 1.2 ± 1.1 2.9 ± 1.5 4.8 ± 3.8 2.5 ± 0.6ab 
c 3.6 ± 0.5a   3.8 ± 0.9 4.3 ± 1.1 3.3 ± 1.5 2.0 ± 3.1 5.0 ± 2.5a 
f 1.5 ± 0.6b   0.9 ± 1.0 2.5 ± 3.1 0.7 ± 0.3 4.2 ± 1.7 0.00 ± 1.9b 
fc 3.4 ± 0.5a   1.6 ± 0.6 4.3 ± 2.1 1.6 ± 0.9 5.1 ± 1.9 4.6 ± 1.6a 
Mean values ± SEM of three replicates (n = 20). Values followed by different letters in 
the same column significantly differ (p ≤ 0.05), as assessed by Wilkoxon test.  
 
 
Content of AN and Trace Elements 
Content of iron binding phenolic groups 
Varieties significantly influenced the amount of both catechol and galloyl 
groups. S showed the lowest content of both iron binding phenolic groups, sig-
nificantly (p ≤ 0.05) different from ABF, B and N. Similarly, Ar showed both 
catechol and galloyl groups significantly lower than ABF and B (Figure 8). 
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Figure 8. Content of iron binding groups in porridges of different sorghum varieties 
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by Tukey’s 
HSD multiple range test (n = 20); bars indicate SD. Comparisons were made among va-
rieties within each phenolic group (galloyls and catechols).  
 
 
On the contrary, ABF showed the highest content of both catechol and gal-
loyl groups, significantly different from all other groups. The content of cate-
chols in N and Ar was significantly lower than in ABF and B; these two varie-
ties showed also a content of galloyls significantly lower than ABF.  
Also process significantly influenced the content of both catechol and gal-
loyl groups in sorghum samples. 
Fermentation, alone (f) and with cooking (fc), significantly reduced the 
amount of galloyl groups with respect to slurries (s) and cooking alone (c).  
Regarding catechol groups, fermented slurries (f) and fermented and 
cooked porridges (fc) showed a significantly lower content than slurries (s); (fc) 
chatechol content was also significantly lower than in (c), whereas no signifi-
cant difference was observed between (f) and (c) (Figure 9). 
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Figure 9. Content of iron binding groups in sorghum varieties undergoing different 
treatments  
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by 
Tukey’s HSD multiple range test (n = 20); bars indicate SD. Comparisons were 
made among treatments within each phenolic group (galloyls and catechols) 
 
 
The effects of treatment on catechol and galloyl groups within the same 
sorghum variety are presented in Table 8. 
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Table 8. Effect of treatments on iron binding phenolic groups in samples of sorghum 
varieties 
Galloyls (mg TAE/100g DM) 
Treatments Varieties 
 N S B Ar ABF 
s 159 ± 13a,b 129 ± 10a 172 ± 6a 137 ± 3a 194 ± 5a 
c 186 ± 14a 116 ± 0.3a 168 ± 3a 127 ± 5a,b 182 ± 14a,b 
f 121 ± 6c 93 ± 5.0a 133 ± 14b 120 ± 6b,c 160 ± 15b,c 
fc 126 ± 14b,c 106 ± 26a 133 ± 0.3b 111 ± 8c 131 ± 14c 
Catechols (mg CE/100g DM) 
Treatments Varieties 
 N S B Ar ABF 
s 151 ± 60a 81 ± 11a,b 221 ± 24a 94 ± 9a,b 254 ± 7a 
c 179 ± 41a 56 ± 13c 209 ± 11a,b 104 ± 19a 227 ± 16a,b 
f 77 ± 7.0a 70 ± 8 a,b,c 165 ± 17b,c 89 ± 11a,b 244 ± 8a,b 
fc 95 ± 23a 62 ± 12b,c 149 ± 23c 67 ± 11b 212 ± 23b 
 Mean values ± SD of three replicates (n = 20). Values followed by different letters in the 
same column significantly differ (p ≤ 0.05), as assessed by Tukey’s test. Comparisons 
were made among treatments within the same variety. 
 
Compared to slurries (s), the fermented slurries (f) showed a significant re-
duction of galloyl groups in all varieties except for S, whereas after cooking, the 
reduction remained significant in B, Ar and ABF. Catechol groups appeared 
somewhat less affected by treatment: fermented slurries (f) significantly re-
duced the content in B only, and fermented and cooked porridges (fc) in B and 
ABF.  
 
Phytate content and phytase activity 
Variety significantly (p ≤ 0.05) influenced also the content of phytates. ABF 
and S showed the highest and lowest phytate content, respectively, both signif-
icantly different from all other varieties; indeed, the phytate content in S was 50 
76 
to 100-fold lower than the other varieties. No other significant differences were 
observed (Figure 10). 
 
Figure 10. Phytate content in porridges of sorghum varieties  
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by 
Tukey’s HSD multiple range test (n = 20); bars indicate SD.   
 
 
Fermentation significantly influenced the content of phytates in samples. 
Fermentation, alone and associated to cooking (f and fc), significantly (p ≤ 0.05) 
reduced the phytate content with respect to cooking alone (c) and slurries (s) 
(Figure 11).  
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Figure 11. Phytates content in sorghum varieties undergoing different treatments  
 
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by Tukey’s 
HSD multiple range test (n = 20); bars indicate SD.  Comparisons were made among 
treatments in all varieties. 
 
 
Fermented slurries (f) and fermented and cooked porridges (fc) of all varie-
ties, with the exception of S, showed a significantly reduction of phytate con-
tent. However, the phytate content in S was already very low in slurry. In 
cooked porridges (c) there was no significant difference with respect to slurries 
(s), with exception of N which showed a significant increase in phytate content. 
A slight but not significant increase was also observed for B and Ar (Table 9). 
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Table 9. Effect of treatment on phytate content in samples of sorghum varieties 
Samples 
IP6  
(mg/100g DM)  
N   
s 1071 ± 0.1b 
c 1369 ± 0.1a 
f 302 ± 0.0c 
fc 252 ± 0.0c 
S   
s 5.2 ± 0.0a  
c 4.3 ± 0.0a  
f 2.5 ±0.0a  
fc 3.7 ± 0.0a  
B   
s 1176 ± 0.1a 
c 1211 ± 0.0a 
f 490 ± 0.0c 
fc 871 ± 0.0b 
Ar   
s 1224 ± 0.0a 
c 1396 ± 0.1a 
f 361 ± 0.0b 
fc 501 ± 0.0b 
ABF   
s 1900 ± 0.0a 
c 1848 ± 0.0a 
f 710 ± 0.0c 
fc 962 ± 0.0b 
Mean values ± SD of three replicates (n = 20). Values followed by different letters are 
significant different (p ≤ 0.05), as assessed by Tukey’s test.  Comparisons were made 
among treatments within the same variety 
 
 
 
 
Flour phytase activity ranged from 0.17 to 0.21 PU/g in the different varie-
ties; N and S showed the highest values, significantly (p ≤ 0.05) different from 
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the lowest value found in B. No significant differences have been found among 
Ar and ABF and the other varieties (Figure 12).  
 
Figure 12. Phytase activity in the flour of sorghum varieties  
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by Tukey’s 
HSD multiple range test (n = 20); bars indicate SD.   
 
In fermented slurries (f), phytase activity ranged from 0.64 to 3.44 PU/g DM: 
compared to the flour, a significant increase (p ≤ 0.01) was found in all varieties 
(Table 10).  
Fermented samples of N and ABF varieties showed the highest values, sig-
nificantly different (p ≤ 0.05) from all other varieties, while in S and Ar the 
phytase activity was significantly lower than in the other varieties (Figure 13).  
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Figure 13. Phytase activity in fermented slurry (f) of sorghum varieties  
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by Tukey’s 
HSD multiple range test (n = 20); bars indicate SD.   
 
 
Phytase activity in the flour and in fermented porridge of each tested sor-
ghum variety is reported in Table 10.  Data showed that fermentation signifi-
cantly increased the enzymatic activity of phytase with respect of the flours in 
all varieties. 
 
Table 10. Effect of fermentation on phytase activity within each tested sorghum variety  
 Sorghum varieties 
(PU/g DM) 
 N S B Ar ABF 
flour 0.21 ± 0.0a 0.21 ± 0.0a 0.17 ± 0.0a 0.19 ± 0.0a 0.20 ± 0.0a 
f 3.44 ± 0.2b 0.79 ± 0.1b 2.23 ± 0.6b 0.64 ± 0.1b 3.18 ± 0.0b 
Mean values ± SD of three replicates (n = 20). Values followed by different letters are 
significant different (p ≤ 0.05), as assessed by Tukey’s test.  Comparisons were made 
among treatments within the same variety 
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Iron and zinc content  
The iron content in slurries (s) ranged from 3.2 to 9.9 mg/100g DM. S 
showed the highest content, significantly (p ≤ 0.05) different compared to all 
other varieties, and Ar the lowest, three times less than S and significantly (p ≤ 
0.05) different from ABF, Ar and S (Figure 14).  
 
Figure 14. Iron and zinc content in slurries (s) of different sorghum varieties  
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by Tukey’s 
HSD multiple range test (n = 20); bars indicate SD. Comparisons were made among va-
rieties for the same mineral (iron and zinc) 
 
Zinc content in slurries (s) ranged from 1.1 to 2.5 mg/100g DM, with a mean 
value of 1.87 mg/100g DM. With regard to zinc, S showed the lowest content, 
significantly different (p ≤ 0.05) compared to ABF, N and B. ABF showed the 
highest content, more than two times higher than S and significantly (p ≤ 0.05) 
different from B, Ar and S (Figure 14). 
Processing of the samples had no significant effect (p ≤ 0.05) neither on the 
iron nor on the zinc content (data not shown).  
Among varieties, the Fe/Zn ratio ranged from 1.4 (N) to 8.8 (S); Ar and ABF 
showed a 2 ratio and B a 4.1 ratio.  
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Bioavailability and bioaccessibility of trace elements 
Molar ratios of phytate to iron and zinc 
Variety significantly (p ≤ 0.05) influenced both IP6/Fe and IP6/Zn molar ra-
tios. In the different varieties, IP6/Fe molar ratio ranged from 32.5 to 10.4 while 
IP6/Zn molar ratio ranged from 80.8 to 51.3; S was an exception, with very low 
molar ratios related to the low phytate content, (0.045 and 0.47 for IP6/Fe and 
IP6/Zn, respectively), significantly different from all other varieties. Ar and 
ABF showed the highest ratios, both significantly different from B and S as re-
gards IP6/Fe, and from N, B and S as regards IP6/Zn (Figure 15).   
 
Figure 15. IP6/Fe and IP6/Zn molar ratios in samples of sorghum varieties 
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by 
Tukey’s HSD multiple range test (n = 20). Comparisons were made among varie-
ties for the same ratio (IP6/Fe and IP6/Zn) 
 
Cooking did not significantly influence molar ratios of phytates and trace 
elements, whereas fermentation, alone (f) and with cooking (fc), significantly 
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reduced IP6/Zn molar ratio with respect to slurries (s) and cooking (c) and 
IP6/Fe molar ratio with respect to slurries (s) (Figure16). 
 
Figure 16. IP6/Fe and IP6/Zn molar ratios in sorghum varieties undergoing different 
treatments 
 
Columns with different letters are significant different (p ≤ 0.05), as assessed by 
Tukey’s HSD multiple range test (n = 20). Comparisons were made among varie-
ties for the same molar ratio (IP6/Fe and IP6/Zn) 
 
In all varieties, fermented slurries (f) showed the lowest molar ratios. With 
the exception of S, IP6/Fe molar ratio in the slurries (s) of different varieties 
ranged from 10.4 to 32.5 and in fermented slurries (f) ranged from 4.5 to 12.6. 
As for IP6/Zn molar ratio, the slurries (s) of different varieties ranged from 51.3 
to 80.8, while in fermented slurries (f) N showed a lower value (8.5) whereas 
the other three varieties ranged 21.2 to 61.3 (Table 11).  
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Table 11. IP6/Fe and IP6/Zn molar ratios in samples of sorghum varieties 
Variety IP6/Fe (mmol) IP6/Zn (mmol) 
 s c f fc s c f fc 
N 28.2 
 
7.8 4.7 7.9 51.3 64.0 8.5 16.8 
S 0.05 
 
0.02 0.02 0.03 0.47 0.36 0.47 0.27 
B 10.4 10.5 4.5 22.5 53.0 52.9 33.4 55.9 
Ar 32.5 40.5 12.6 11.7 80.8 88.9 61.3 34.9 
ABF 31,7 
 
31.6 9.0 11.9 76.6 70.9 21.2 24.5 
Values expressed in mole by using a molecular mass unit of 660 for phytic acid and an 
atomic mass unit of 56 and 65 for iron and zinc, respectively (n = 20). 
 
Both IP6/Fe and IP6/Zn molar ratios were affected by fermentation in all va-
rieties, and the percentage of reduction of fermented slurries (f) with respect to 
slurries (s) ranged from 58 and 84% and from 24 to 83%, respectively.  
The IP6/Fe molar ratio reached a value < 6 only in fermented slurries (f) of S, 
B and N varieties (0.02, 4.48 and 4.71 respectively) and only fermented slurries 
(f) from S and N showed IP6/Zn molar ratio < 15. 
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Study of algorithms 
Results from the algorithm showed little difference in iron bioaccessibility, 
expressed as percentage, among varieties except for S. The variety from Senegal 
showed, indeed, a an approximate 3-fold increase of iron bioaccessibility in all 
samples, with respect to other varieties.  
The findings also showed that fermentation, alone (f) and with cooking (fc), 
was able to improve the bioaccessibility of iron with respect to slurries, whereas 
cooking had no susbstantial impact (Table 12). The increase of bioaccessibility 
in fermented slurries (f), with respect to the respective slurries (s), differed 
among varieties and ranged from 25% to 45%, where S showed the lowest 
increase and N the highest. With respect to slurries (s), also fermented and 
cooked porridges (fc) showed an increase of the iron bioaccessibility, even 
though lower than fermented slurries (s); this  ranged from 14% (S) to 45% (N). 
 
Table 12. Percentage (%) of bioavailable iron in 50g of DM 
Variety fc c F s 
N 1,1 0,5 1,1 0,6 
B 0,7 0,6 0,9 0,6 
S 3,2 3,0 3,6 2,7 
Ar 1,0 0,7 1,0 0,6 
ABF 0,7 0,5 0,7 0,4 
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Discussion & future perspectives 
 
The present study was undertaken to evaluate the impact of variety and 
the two principal traditional processes (cooking and fermentation) on tannins 
and phytic acid activities in sorghum and the related modulation of effects in a 
biological system. 
In order to achieve this purpose and perform a comprehensive analysis of 
sorghum as “whole food”, an ad-hoc model based on a combination of estab-
lished and novel approaches has been set. This model includes the use of three 
different investigation approaches: i) an in vitro assay,  ii) quantitative determi-
nations by established chemical analytical methods and iii) mathematical mod-
els, by using both established and emerging approaches. 
The in vitro method represents an innovative approach as it implies the 
analysis in a biological system (model for the human gut epithelium) of effects 
of sorghum in its entirety after in vitro gastrointestinal digestion. Indeed, in 
vitro investigation of a food commodity in toto is still receiving limited atten-
tion.  
 Another innovative aspect lies in the effort to integrate and compare data 
obtained from the three different investigation approaches in the analysis of the 
role of variety and main traditional processing methods on the sorghum nutri-
tional characteristics. 
 
In the following section results are discussed first by taking into account 
each parameter and then analysing the comprehensive effects of variety and 
food process. 
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In vitro analysis 
Quantization of total protein content 
Results show that total protein content of cells exposed to different varie-
ties differs. In particular, cells exposed to the two Italian varieties, namely ABF 
and Ar, show a significant reduction in the total protein content with respect to 
the CTRL cells and Ar also to the cells exposed to all the African varieties (B, S 
and N). These results outline the influence of variety, including the importance 
of pedoclimatic parameters, in the modulation of biological activity of sorghum 
in vitro. 
Concerning the different treatments, both fermentation and cooking de-
termine the reduction of the cell protein content as compared to the CTRL cells. 
Overall, no differences were observed among fermented samples and cooked 
samples (f, c, fc) has been observed. When analysing the effect of treatment 
within each variety, a significant difference is observed only in the sorghum va-
riety from Burkina Faso (B), where cells exposed to cooked porridge, with (fc) 
and without fermentation (c) show total protein content significantly lower 
than slurry (s) and fermented slurry (f) exposed cells.  
The decrease of total protein content in cells exposed to sorghum samples 
can be linked to a reduced bioaccessibility of proteins from the culture medium, 
due to the antinutrient effect of tannins (Butler, 1990) as well as of phytates 
(Morales et al., 2011). On the other hand, it cannot be excluded a direct effect of 
specific sorghum components on the synthesis and metabolism of cell cycle 
proteins, which might result in a modulation of cellular protein levels (see, e.g. 
Vucenik et al., 2005). In order to explain food processing effects in vitro, it might 
be hypothesized that fermentation and/or cooking induce the formation of tan-
nin and/or phytate degradation products, and/or other process by-products, 
which may inhibit protein synthesis. Finally, since varieties of sorghum differ 
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in amino acid composition and fermentation determines the change in sorghum 
protein solubility (Afify et al., 2012), it might not be ruled out altogether that a 
different composition of essential aminoacids would affect total protein content 
of cells exposed to sorghum samples. Nevertheless, this appears rather unlikely 
due to the high dilution of the soluble fractions of samples in the culture medi-
um (1/200 ratio); thus, sorghum proteins would represent only a minor fraction 
of total medium proteins. 
Net effects of processed whole foods are an up-to-date issue, in particular 
for foods of vegetable origin that are rich of bioactive substances: one recent ex-
ample is the antioxidant/anti-inflammatory action elicited by a polyphenol-rich 
beverage (Nemzer et al., 2011). Apparently, only a limited correlation exists be-
tween the modulation by variety and by food process on the total protein con-
tent in vitro. 
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Antioxidant capacity 
In contrast to the results observed for total protein content, the influence of 
variety on the GPx activity of cells exposed to sorghum samples is negligible. In 
fact, there is not a significant difference between GPx activity of CTRL cells and 
those exposed to sorghum varieties. 
No difference in the GPx activity has been also shown between cells ex-
posed to cooked samples (c, fc) and CTRL cells. On the other hand, fermenta-
tion process significantly influences the activity of GPx in cells. Cells exposed to 
fermented samples (f) show, indeed, a reduction in the GPx activity with re-
spect to cells exposed to all the other samples and the CTRL cells. 
These results suggest that cooking does not influence the GPx activity of 
cells whereas fermentation greatly affects it. Nevertheless, when analyzing the 
effect of treatment within each variety, only ABF shows a difference among the 
treatments. In particular, only cells exposed to ABF fermented slurry (f) exhibit 
a marked reduction, indeed to almost null, of the GPx activity. Thus, the gen-
eral reducing effect of fermentation on GPx activity of cells can be affected by 
the ABF results.  
In general, reduced GPx activity in cells might be attributed to the dimin-
ished oxidative stress in cells or to the reduced GPx enzymatic functions. In this 
case the interpretation of results is not straightforward. Fermentation, indeed, 
was found to reduce both the tested AN and to increase the bioaccessibility and 
bioavailability of iron and zinc (see below for detailed discussion); neverthe-
less, fermented samples also showed a significant reduction of cells total pro-
tein content. Therefore, considering the overall poor nutritional profile showed 
by ABF variety, it cannot be excluded that the inhibition of GPx activity of cells 
is due to the development of compounds during fermentation acting as GPX 
inhibitors. 
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Content of AN and Trace Elements 
Content of iron binding phenolic groups 
The phenolic compounds in samples of different sorghum varieties have 
been assayed as the total amount of galloyl and catechol groups, because of 
their strong capacity to bind iron (Brune et al., 1989; Hallberg and Hulthén, 
2000; Santos-Buelga and Scalbert, 2000). 
The analysis of iron-binding phenolic groups shows a marked influence of 
the variety in the selected sorghum varieties of this study, that results to be 
consistent with previous findings in other varieties (Parr and Bolwell, 2000; 
Tomas-Barberan and Espín, 2001; Dykes et al., 2005). 
Like variety, also fermentation is able to significantly influence the amount 
of both galloyl and catechol groups. Indeed, associated or not to cooking, fer-
mentation results in a remarkable reduction of the amount of both iron binding 
phenolic groups in all varieties. Reduced phenolic content upon fermentation 
was also observed in previous papers (Antony and Chandra, 1998; Towo et al., 
2006; Svensson et al., 2010; Schons et al., 2011) and different explanations have 
been proposed. The decrease may be related to microbial activity during fer-
mentation (Dhankher and Chauhan, 1987; El Hag et al., 2002) or to abstraction 
of hydride ions and rearrangement of the phenolic structures due to the acidic 
environment (Towo et al., 2006). It is furthermore suggested that fermentation 
process results in a reduced extractability of phenolic compounds due to self-
polymerization and/or interactons with macromolecules (Beta et al., 2000). 
On the other hand, no significant decrease could be seen when porridges 
were only cooked. The lack of effect of cooking in phenolic compounds is in 
contrast with previous findings, which report that also cooking contribute to 
lower amounts of phenolic compounds. Our results may suggest that, in order 
to reduce AN, a longer cooking time might be needed than that used in the tra-
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ditional recipes we followed in this study, as suggested by Omeje (1999) and 
Kaankuka et al. (2000). The reduction in phenolic content upon longer cooking 
time can be caused by thermal degradation, condensation reactions, changes in 
chemical reactivity or formation of complexes with other food components, 
such as proteins (Barroga et al., 1985; Ekpenyong, 1985; Matuschek, 2005). 
Data here reported also demonstrate that different variety determines dif-
ferent reduction rates of iron binding phenolic groups during fermentation, 
with and without cooking. Varieties with the highest content of phenolic 
groups (B and ABF), indeed, show also the highest reduction rates. 
The two phenolic groups have been reported to have different iron binding 
capacities in vitro (Jovanovic et al., 1998). Brune et al. (1989) suggested, for in-
stance, that galloyl groups have a greater inhibitory effect on iron absorption, 
whereas Samman et al. (2001) reported no difference in the effect of foods con-
taining galloyl or catechol groups. Nevertheless, the results of the present study 
show that fermentation, alone or followed by cooking, significantly reduces 
both galloyl and catechol groups to an overall comparable extent. 
In conclusion, the content of both galloyl and catechol groups significantly 
differs among varieties and it is further modulated by fermentation, especially 
if associated to cooking.  
 
Phytate content and phytase activity 
Results demonstrate that variety significantly affects also the amount of 
phytates in sorghum. An interesting result has been observed for the variety 
from Senegal (S), showing a very low content of phytates, greatly different from 
all other varieties. The extremely low amount of phytates showed by S is pref-
erable in case of monotonous diets or for vulnerable groups of population 
(p.27). 
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Moreover, also process can influence the amount of phytates. Reduction of 
the phytate content in fermented samples was consistent with previous reports 
on other sorghum varieties (Marfo et al., 1990; Mahgoub and Elhag, 1998; Egli et 
al., 2003; Idris et al., 2005; Kayodé et al., 2007; Towo et al., 2006; Proulx and Red-
dy, 2007). The decrease of phytate content by fermentation can be explained by 
the enzymatic activity of both cereal and microbial phytases (Sandberg and 
Svanberg, 1991; Abdelhaleem et al., 2008), which hydrolyse phytate (IP6) into 
inorganic phosphorus (Pi), inositol or myo-inositol phosphates (IP5 to IP1) (Les-
tienne et al., 2005).  
On the contrary, the results show that cooking has no significant effect also 
on phytate content. The present findings are in accordance with previous stud-
ies on sorghum by Kayodé et al. (2007) as well as with previous studies on other 
food crops, e.g., yam and rye flour (Fretzdroff and Weiper, 1986; Wanasundera 
and Ravindran, 1992). On the other hand, other authors reported that cooking 
of sorghum may induce a degradation of phytates (Marfo et al., 1990; Mahgoub 
and Elhag, 1998; Idris et al, 2005; Towo 2006). However, in these studies the 
processing methods involved a markedly longer cooking time than the present 
study; for instance, Marfo et al.,( 1990). Omeje (1999) and Kaankuka et al. (2000), 
reported that a cooking time of about 30 min resulted in a higher reduction of 
different AN, including phytates, with respect to shorter cooking times. Ac-
cordingly, the reason why cooking has not affected phytate content in this 
study could be attributed to the relatively short (10 min.) cooking time, as in the 
traditional recipes we referred to.  
It might be worth noting that in a single African variety, N, cooking deter-
mines an increase of the phytate content with respect to the slurry. In this re-
gard, it might be worth noting that Lestienne et al. (2005) also found an increase 
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of IP6 in cooked soybean flour. Thus, the occurrence of similar events in N va-
riety might not be ruled out altogether. 
As a whole, variety as well as fermentation significantly influences phytate 
content in sorghum. 
Compared to other cereals, sorghum has low phytase activities (Egli et al., 
2003). Data here reported show that in all sorghum flours phytase activity is, 
indeed, low (0.17-0.21 PU/g DM) and comparable to values reported in the lit-
erature (Egli et al., 2003). The findings show that also the amount of phytase ac-
tivity was significantly influenced by both the variety and fermentation. Fer-
mentation determines a significant effect of the enzymatic activity. Fermented 
slurries show a significant increase of phytase activity with respect to flours, in 
all sorghum varieties. The generally increased activity of phytase upon fermen-
tation may be related to an augmentation of enzyme production due to micro-
bial growth (yeasts and lactic acid bacteria): indeed, several yeasts and Lactoba-
cillus species are recognized as phytase producers in fermented grain-based 
products (De Angelis et al., 2003). Indeed, cereal phytases have a pH optimum 
at around 5.0 (Sandberg and Svanberg, 1991; Greiner et al., 2000), thus, during 
fermentation phytase may increase its enzymatic activity.  
Interestingly, the results show a lack of linearity among phytase activity in 
flour and in fermented slurry within the same variety. For instance, S stands 
out as a variety with low amount of phytates and high phytase activity in un-
processed samples. However, S seems to be weakly susceptible to the increase 
of phytase activity in fermented porridge. With the exception of S, varieties 
show no readily apparent relationship between the concentration of phytates 
and the phytase activity in the unprocessed samples, as well as between the re-
duction of phytate content and the increment of phytase activity in fermented 
slurries.  
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In conclusion, the traditional fermentation process shows a higher impact 
than variety on the increase of phytase activity in sorghum. 
 
Iron and zinc content  
The results of quantitative analysis on iron and zinc content show that the 
amount of these essential elements is influenced neither by fermentation, nor 
by cooking, whereas it showed consistent linkage to variety. Processing of the 
samples has, indeed, no significant effect either on the iron or on the zinc con-
tent.  
On the contrary, significant differences are observed among varieties. Two 
African landraces (S and B) show the highest content of iron. However, S shows 
the lowest amount of zinc. Therefore, the contents of iron and zinc do not show 
homogeneous patterns in the different varieties. 
Iron and zinc are essential for the normal physiological function of the or-
ganism. Nevertheless, an adequate ratio Fe:Zn has reported to be equally im-
portant, due to the inhibitory effect of iron on zinc absorption. Upon direct oral 
administration of inorganic Fe and Zn, a Fe/Zn ratio ≥ 2 has been reported to 
significantly inhibit zinc absorption (Solomons and Jacob, 1981); on the other 
hand, no significant negative effect on zinc absorption was found when a Fe/Zn 
molar ratio up to 10 was provided through a meal (Valberg et al., 1984; Fair-
weather-Tait et al., 1995). Thus, the Fe/Zn ratios found in the porridges from the 
present varieties may not impair zinc absorption. 
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Bioavailability and bioaccessibility of trace elements 
Molar ratios of phytate to iron and zinc 
The molar ratios of phytate (IP6) to iron and phytate to zinc have been cal-
culated in order to estimate the bioavailability of the two trace elements as pro-
posed by Hurrell and Egli (2010) (IP6/Fe) and Gibson (2006) (IP6/Zn).  
The findings outline the importance of both variety and fermentation on 
the estimated bioavailability of iron and zinc. On the other hand, cooking does 
not significantly affect phytate to iron and phytate to zinc molar ratios. Indeed, 
since iron and zinc contents were not influenced by processing, molar ratio var-
iation mirrored the influence of sample treatment on IP6.  
According to Hurrell and Egli (2010) and Gibson (2006), IP6/Fe and IP6/Zn 
molar ratios of all varieties, except for S, are too high to allow an adequate bio-
availability of iron and zinc. Indeed, according to the authors, the IP6/Fe ratio 
should be preferably less than 0.4 and the IP6/Zn molar ratio < 15 to significant-
ly improve the two minerals absorption. Concerning the IP6/Fe molar ratio, on-
ly S shows an optimum value; nevertheless, in case of composite meals contain-
ing ingredients enhancing iron absorption such as vitamin C or animal protein, 
it is acceptable an IP6/Fe ratio less than 6, as we observed in fermented slurries 
(f) of B and N. Consequently, fermented slurries (f) of varieties from Burkina 
Faso, Nigeria and, particularly, Senegal (the three African varieties) are those 
which present a highest iron bioavailability. 
Regarding the IP6/Zn molar ratio, only fermented slurries from S and N 
showed IP6/Zn molar ratio < 15, namely 0.47 in S and 8.5 in N, according to 
Gibson (2006) indicating a high and moderate zinc bioavailability, respectively. 
In the other varieties IP6/Zn molar ratio markedly exceeded 15, suggesting a 
very low Zn availability. Similarly to the results on iron bioavailability, those 
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related to zinc bioavailability also indicate that varieties from Nigeria and Sen-
egal (two African varieties) show the highest zinc bioavailability. 
 
Study of algorithm 
The algorithm here utilized has been devised by Hallberg and Hulthén 
(2000) in order to predict dietary iron absorption from a meal, through a math-
ematical model. The algorithm has been used to assess the effect of factors able 
to influence heme- and non heme- iron absorption from sorghum samples. 
Even though Hallberg and Hulthén (2000) consider to estimate bioavaila-
bility through the algorithm, in this study, the algorithm results are retained as 
indicators of bioaccessibility, since bioavailability of trace elements is affected 
by a number of factors not included in the study of algorithm, such as dietary, 
luminal and systemic factors (Miret et al., 2003; Hunt, 2005). 
Results show that variety remarkably influences the estimated 
bioaccessibility of iron for the human organism. In particular, S (the variety 
from Senegal) shows an approximate 3-fold higher iron bioaccessibility in all 
treatments than all the other varieties, which show instead similar values. 
Concerning the effect of food process, results from the study of algorithm 
are in accordance with those observed in the analytical methods. Fermentation 
has been shown to decrease the amount of both iron binding phenolic 
compounds and phytates and the application of algorithm confirms that 
fermentation process is able to increase the bioaccessibility of iron of 34-77%. 
Finally, this study showed that findings from a consolidates approach (the 
molar ratios of phytate to iron and to zinc) and from an innovative approach 
(study of algorithm) are pretty consistent. 
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Effect of variety 
Results reported in this thesis show that variety significantly influences the 
content of the AN as well as of iron and zinc and estimated bioaccessibility and 
bioavailability; in particular, different varieties show significant variations as 
regards the content of both iron binding phenolic groups and phytates. Con-
cerning the impact of variety in a biological system, it has been found that vari-
ety influences the content of total protein of exposed cells, whereas it does not 
affect the activity of GPx in the present experimental conditions.  
Finally, the overall better profile of African compared to Italian varieties 
and the differences among African varieties coming from diverse areas suggest 
that the impact of variety on the tested parameters is attributable to both geno-
type and pedoclimatic factors. Indeed, as previously reported (p. 32), many nu-
tritional characteristics of plants are dependent by local agro-climatic condi-
tions; as a consequence, it is worthwhile to hypothesize that not only AN and 
minerals content, but also the effects on in vitro cells are influenced by the in-
trinsic characteristic of each variety adapted to the local environment (landrac-
es). 
 
Effect of treatments  
Generally, findings here reported show that food processing is able to 
influence both tannins and phytic acid amount and biological activities in 
sorghum porridge.  
In particular, cooking, like fermentation, decreases the total protein content 
of cells exposed to cooked sorghum samples, but it does not affect cells GPx 
activity. Similarly, neither the amount of iron binding phenolic group nor 
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phytates are influenced by cooking alone. On the contrary, cooking associated 
with fermentation elicits overall comparable effect as fermentation alone. 
Fermentation process shows to have a two-way effect. A negative impact 
was observed on physiological cells functions, as regards both the total protein 
content and the GPx activity of cells exposed to fermented sorghum samples. 
On the other hand, fermentation has a positive impact on the content of AN, as 
it significantly reduces both iron binding phenolic compounds and phytates 
content, and increases the estimated bioaccessibility and bioavailability of iron 
and zinc. Moreover, the effect of fermentation results to be also modulated by 
the variety. It cannot be excluded that the different results observed in the two 
approaches: the in vitro and analytical approach, are linked to the different in-
vestigation aspects, resulting in the biological effects and the quantitative anal-
ysis, respectively. The effects observed in the in vitro models are correlated to 
the overall effects of the food, including the bioaccessibility of AN and the pro-
duction of by-products, while quantitative analysis represent established meth-
ods giving punctual data; this is the reason why they need to be integrated. 
 
Future perspectives 
One of the main aims of this work was to evaluate the effects of a food in 
toto, namely sorghum porridges and fermented slurries, in a biological system. 
The present study has a proof-of-concept character, and involves a novel, inte-
grated approach; thus, five sorghum varieties of different origin have been in-
vestigated. The experiments cannot rule out altogether the possibility of a 
modulation of the observed effects by certain common sorghum contaminants, 
such as arsenic, cadmium and mycotoxins (mainly aflatoxins). However, the 
consistent trends identified by our results may indicate that the role of contam-
inants, if any, was not a major one. 
100 
In order to expand this study, it would be interesting, therefore:  
- to increase the number and the diversity of geographical origin of varie-
ties to be tested, in order to increase the data base and to validate the 
approach; 
- to increase the study of functional markers able to detect biological ac-
tivities of AN in vitro, both on medium supernatants and on lysed cells, 
such as enzyme activities, cell metabolites or metallothionein, as mark-
ers of intracellular bioaccessibility of trace elements; 
- to detect the presence of main sorghum contaminants, such as arsenic, 
cadmium and mycotoxins, in order to evaluate their potential impact on 
some in vitro parameters, such as cells protein synthesis and/or antioxi-
dant activity; 
- to perform additional quantitative analysis on AN and iron and zinc, 
such as the molecular fractions of iron and zinc in the soluble extract of 
the in vitro digestion after sorghum exposure, in order to evaluate bioac-
cessibility.  
 
Since the in vitro (activities) and quantitative analysis (amount) of iron 
binding phenolic groups and phytates, appear to have independent results, it 
would be of importance to make detailed studies on the products formed dur-
ing fermentation and cooking. Interesting aspects include the antinutrient activ-
ities of lower inositol phosphates (products of the phytate hydrolysis) and tan-
nin degradation products. 
The results of this work clearly show that fermentation, associated or not to 
cooking, significantly decreases the amount of iron binding phenolic groups 
and tannins and increases the estimated bioaccessibility and bioavailability of 
iron and zinc. It would be interesting to investigate whether the reduction of 
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AN and therefore the increased bioavailability of iron and zinc observed can be 
successfully achieved at the household level through selection of varieties and 
adequate processes as well as investigate the effect on human absorption. This 
could be assessed through a pilot human trial, by testing blood level of iron and 
zinc. 
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Conclusions 
 
Results showed that both variety and process are able to modulate differ-
ent tested parameters.  
Data demonstrated that variety strongly influences the majority of the test-
ed parameters, namely the total protein content of cells exposed to different 
sorghum samples, the amount of both tested AN and trace minerals analyzed 
and the estimated bioaccessibility and bioavailability of iron and zinc. Only the 
GPx activity of cells exposed to sorghum samples was not affected by variety. 
There is a clear difference among traditional varieties with regard to AN con-
tent and activity. The variety from Senegal showed the most promising nutri-
tional profile, according to AN content, IP6/Fe and IP6/Zn molar ratios, iron 
content, bioaccessibility and bioavailability of trace elements. On the other 
hand, the two Italian varieties (ABF and Ar) overall showed a poor nutritional 
profile in terms of mineral bioaccessibility and bioavailability, by showing the 
lowest IP6/Fe and IP6/Zn molar ratios and the higher amount of AN, as well as 
a significant reduction of the total protein content of cells.  
Data also show that fermentation had a markedly greater impact than 
cooking on AN amount and activities, whereas both had no impact on the min-
erals content. Fermentation, alone and with cooking, reduced AN content and 
enhanced, consequently, the estimated bioavailability of iron and zinc. On the 
other hand, it showed a negative impact on both functional markers in vitro. 
Cooking alone reduced the total protein content of exposed cells, like fermenta-
tion, as the only significant effect. 
Interestingly, the combination of fermentation and cooking results to have 
the best overall results, as it showed the positive effect of cooking in the in vitro 
analysis (no impact on the cells GPx activity) and of fermentation in the quanti-
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tative analysis of AN and bioavailability of iron and zinc (reduction of the 
amount of both AN and increase of the two trace elements estimated bioavaila-
bility). Finally, most tested parameters showed further modulation effects of 
the variety on food process. 
The results outline the importance of sorghum landraces characterization 
for assessing the impact of traditional processes on the content and the activity 
of AN and the importance of applying appropriate processes at household lev-
el, such as the combination of cooking and fermentation, in order to improve 
the nutritional characteristics of a sorghum meal. 
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Introduction  
For years advancing technology allowed to raise land productivity all around the 
world. As a consequence, since 1950 the world as a whole has nearly tripled land 
productivity (1). Unfortunately, the steady growth of productivity is coming to an end 
while, on the other hand, the world population has been growing exponentially. As a 
result, and due to recent changes in the environment, food demand is more and more 
difficult to be met and one of major challenges facing the world is to meet the nutrition-
al needs of more vulnerable groups. In order to meet the enhancing food requirement, 
innovative and sustainable measures are needed.  
It is believed that the issues of food and nutrition security and health in developing 
countries can be addressed relying on indigenous crops (2). Indeed, with a soaring food 
crisis and changing weather patterns, the need to diversify the crop production to other 
less common varieties, such as local and indigenous crops like millets and sorghum, is 
real. Sorghum is one of the main traditional crops grown in numerous developing coun-
tries; it is a basic staple food for many rural communities, especially in drought prone 
areas of Africa, where it represents an important subsistence crop for many households. 
Sorghum has an important role in mitigating food insecurity, in particular of the low-
income groups, which are the most affected by the lack of food and nutritional security, 
as it is widespread, nutritious, easy to grow and well adapted to local climate. 
On the other hand, the nutritional value of sorghum is affected by inherent factors in-
fluencing its utilization, including Anti-Nutritional Factors (ANFs), able to bind pro-
teins and divalent cations and interfere with their absorption, and mycotoxins, fungi 
secondary metabolites with adverse health effect on human health. Nevertheless, specif-
ic pre- and post-harvesting good practices and adequate food processing can be imple-
mented in order to decrease the amount and activity of ANFs and mycotoxins and im-
prove the food and nutritional quality of sorghum. 
This study was supported by the Doctoral School on the Agro-Food System (Agrisys-
tem) of the Università Cattolica del Sacro Cuore (Italy). 
 
Nutritive and anti-nutritive properties of sorghum 
Sorghum is the fifth most important cereal corn grown in the world agricultural econ-
omy after wheat, rice and barley. It is mainly grown in semi-arid areas of the world, 
characterized by high drought and low rainfall, climate conditions poorly favourable to 
the production of other cultivars. In industrialized countries, sorghum is mainly grown 
for the production of animal feed (forage or grain) or biofuel and more recently, for the 
lack of gluten content, it has been proposed as suitable food for coeliac people. On the 
other hand, in Africa, Asia and more recently in Latin America, sorghum production 
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has increate steadily and is grown primarily for human consumption. Only Africa pro-
duces around 20 million tons of sorghum per year, a third of the world total (2). 
It is estimated that sorghum is part of the staple diet of more than 500 million people 
in more than 30 countries of the semi-arid tropics, representing a major source of ener-
gy and nutrients (2). The sorghum kernel contains about 70% carbohydrate and 12% 
protein – similar content to that of wheat and maize - but the grain has more vitamin B 
than maize (2). Indeed, sorghum has a good content of protein and vitamins, mainly 
those of B group (except for B12) and fat-soluble vitamins (A, D, E and K), compared 
to other cereals. In addition, it is considered an important source of minerals, as it is 
rich in phosphorus, potassium, iron and zinc. 
The nutritional value of sorghum is, nevertheless, impaired by the activity of endoge-
nous factors, namely ANFs, such as phenolic compounds (mainly condensed tannins) 
and phytic acid, and mycotoxins. From an agronomical point of view, the presence of 
ANFs is associated with diminished pre- and post-harvest losses due to bird predation 
and storage pests, respectively. On the other hand, these sorghum ANFs interact nega-
tively with the bioaccessibility of essential elements, in particular iron and zinc, and the 
digestibility of proteins. The general mechanism involves the formation of insoluble 
complexes at physiological pH, due to the ability of phytic acid and tannins to bind pro-
teins and divalent cations. The concentration of tannins and phytic acid greatly varies 
among different cultivars, as well as among plants belonging to the same cultivar. The 
phytic acid concentration can range from 2.5 to 22 mg/g and that of tannins from 0.8 to 
55 mg/g, expressed as catechin equivalent (4). This range in the amount depends on 
several factors, such as sorghum variety, growing conditions, harvesting techniques and 
processing methods. Moreover, it has been demonstrated that the diversity and severity 
of adverse effects of ANFs are greater in tropical than in temperate climates (5). 
Phytic acid is the storage form of phosphorus bound to inositol in the fiber of raw 
whole grain. It accounts for 50-80% of the total phosphorus (6). Although sorghum is 
relatively rich in phosphorus, phytate-phosphorus is less nutritionally available since 
the phytate is not quantitatively hydrolyzable in human gut (7). Another ability of phyt-
ic acid is to form binary protein-phytate complexes under acidic pH conditions (8) and 
the effects of this interaction can be detrimental for malnourished people. Also tannins 
have the ability to interact with proteins and complex a substantial proportion of them 
(9,10). It has been demonstrated that an amount of tannins of 1.9 g/kg is able to reduce 
real ileal digestibility of 16 aminoacids by nearly 9.8% in pigs, while 13.6 g/kg of phyt-
ate can reduce apparent ileal digestibility of 18 aminoacids by around 3.6% (11). Tan-
nins and phytic acid are also able to bind enzymes in the gastrointestinal tract, thereby 
inhibiting their activity: glucosidase activity,α-amylase, trypsin and lipase activity (12-
14). 
Furthermore, sorghum, so as many other cereal plants, may be infected with mycotox-
in producing fungi at all levels of the food chain: from production to processing and al-
so in the supply chain. Mycotoxins represent one of the heaviest burdens, particularly 
for developing countries, both in terms of health implications and economic losses. 
Among the several mycotoxins, aflatoxins and fumonisins produced by Aspergillus and 
Fusarium, respectively, are a major problem in sorghum grains. Mycotoxins are potent 
carcinogens and can interfere with the immune system functioning and the normal hu-
man homeostasis. Moreover, mycotoxins or its metabolites pass into milk, eggs and 
other organs when animals are fed with contaminated grain, thus entering the food 
chain. The ingestion may be critical especially in vulnerable and weakened human bod-
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ies. For example, children exposed to aflatoxin may become stunted, underweight and 
more susceptible to infections. A study in West Africa shows a strong correlation 
among stunted growth in children and exposure to aflatoxin (15). Hendrickse states that 
the mycotoxins cause kwashiorkor by damaging the liver, which becomes unable to 
produce albumin and low levels of the protein lead to the disease (16). 
 
Effective practices for reducing the 
amount/activity of adverse endogenous factors 
Factors enhancing the likelihood of ANFs and mycotoxins are numerous and include 
extreme environmental conditions, inadequate practices and the absence of adequate 
monitoring and control system (17). As a consequence, a number of preventive and cor-
rective measures able to reduce the risk of ANFs and/or mycotoxins in sorghum grains 
exist.  
The available literature (18-20) reports that food preparation and/or processing influ-
ence ANF content and activity. In particular, wet processing (including soaking, germi-
nation and fermentation) leads to a decrease of phytic acid and increase of solubility of 
minerals in foods. A study by Mahgoub and Elhag states that the soaking of sorghum 
flour at room temperature reduces phytic acid by 16-21%, germination for four days by 
68-87%, while accelerated fermentation by 60% (21). Decreased content of phytic acid 
and tannins after fermentation or germination is mostly due to the activity of enzymes, 
while in soaking to a combination of diffusion and enzymatic action (21-24). Many au-
thors state, in particular, that enzymatic hydrolysis of phytic acid during fermentation is 
caused both by endogenous and microbial phytase (mainly lactic acid bacteria phytase) 
(24-26). Another practical and effective process able to reduce tannins in sorghum grain 
is the treatment with wood-ash slurry. The action is probably caused by its alkali con-
tent able to detoxify tannins (27). 
While for the reduction of ANF risk adequate post-harvesting practices are required, 
for mycotoxins control, both good pre- and post- harvesting practices are needed. Pre-
vention is the best practice to improve the safety of vegetable and animal product from 
mycotoxins contamination. Adequate good practices should be applied in every phase 
of the food chain: harvesting, processing, storage and distribution in order to carry out 
an ideal integrated risk management. Examples of pre-harvest measures include the se-
lection of cultivars less susceptible to grain moulds and good crop management practic-
es, such as crop rotation and right harvesting time (28); while, post-harvesting practices 
include the good management practices in order to avoid grain damage during threshing 
and from insect damage during storage, the selection of not mouldy and damaged pani-
cles, the use of certain feed additives like toxin adsorbents (28, 29). More recently, dif-
ferent physical and chemical methods have been proposed for their ability of detoxify-
ing mycotoxins from food constituents. Biotechnological methods based on microbial 
fermentation, to detoxify contaminated grains, or addition of binding agents such as 
bentonite clay, aluminosilicates, activated charcoal and bacteria, to absorb the mycotox-
ins, have been investigated (30,31). Mycotoxin binders represent an attractive short-
term solution to the challenge of mycotoxin-contaminated food, while a better solution 
would be the achievement of improved quality control and good practices. 
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In conclusion, an adequate combination of good pre- and post-harvest practices are 
the successful strategy for minimizing the risk of adverse endogenous factors, such as 
ANFs and mycotoxins and improve the safety and nutritional quality of sorghum. 
 
Conclusion 
Given the important role of sorghum in the diet as a source of both macro- and micro-
nutrients for many low-income people, an improvement of its safety and nutritional 
quality is needed. Moreover, because of its ample utilization both as feed and, more re-
cently, as food, such improvement would have positive consequences also for more de-
veloped countries. 
Sorghum grains offer a good nutritional value which is, nevertheless, partially im-
paired by the activity of inherent adverse factors such as ANFs and mycotoxins. In or-
der to reduce their content and/or activities, and so increase the bioavailability of pro-
teins and zinc and iron, a number of measures are available. The most effective ones are 
the implementation of good practices throughout the food chain. Good practices are ap-
plicable both in pre- and post-harvest phase and allow preventing and / or minimizing 
the risk of adverse endogenous factors activity. In this regard, it is necessary to assess 
and control, along the sorghum production chain, the phases considered critical for 
ANFs and mycotoxins. Only with an integrated assessment and management of risks 
the improvement of nutritional value of sorghum could be possible. 
In addition, through cheap and easy to use methods the content and/or activity of 
ANFs can be drastically reduced and its nutritional quality improved. As the sorghum is 
mainly used as staple food in developing countries, its improved quality would allow 
reducing the risks for more vulnerable population groups, such as the infants (as sor-
ghum porridge is largely used as weaning food), pregnant women and, more in general, 
undernourished people. The safety assessment of sorghum products has an important 
value especially for pregnant women, in order to «minimize also adverse health impact 
on future generation», according to the “sustainable food safety” approach (32). 
In conclusion, the enhanced food safety and nutritional quality of sorghum will have a 
valuable impact also for the food security. Moreover, it is important to raise awareness 
of the sorghum as valuable indigenous crop and spread the optimal food management 
and processes, with the aim of combating food shortages and also revitalize local culi-
nary traditions. 
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Five sorghum cultivars (Sorghum bicolor (L.) Moench) from Nigeria, Senegal, Burkina 
Faso and Italy (two), were characterized for their nutritional values by analysing the 
modulation of cellular functional markers as well as estimated iron bioavailability, also 
considering the impact of food processing methods as fermentation and cooking. Gluta-
thione peroxidase activity and total protein content were assayed in DLD-1 cell line fol-
lowing treatment with the different sorghum varieties. The estimated iron bioavailability 
was calculated through the application of an algorithm. The results revealed that both 
variety and food processing affect most of the tested parameters. The African varieties, 
in particular the Senegal one, showed the most promising nutritional profile, whereas the 
two Italian varieties overall showed a poor nutritional profile. The estimated iron bioa-
vailability was significantly improved by the fermentation process, whereas cooking had 
no substantial impact. On the other hand, fermentation process had a negative impact on 
both cellular functional markers while cooking only on the cellular total protein content. 
The results indicate that selection of traditional varieties and processing methods can 
have a significant impact on parameters relevant to sorghum nutritional value. 
_______________ _____________________________________________________
1. Introduction
 
Sorghum (Sorghum bicolor (L.) Moench) is the 
fifth most important cereal crop after maize, rice, 
wheat and barley, in terms of production (FAO, 
2012). Indeed, total world annual sorghum produc-
tion is about 60 million tons from 46 million ha cul-
tivated areas, the most important producers being 
United States, Nigeria, Sudan, Burkina Faso, China, 
India and Ethiopia (Dicko et al., 2006). Numerous 
varieties of sorghum exist worldwide (more than 
7000 identified; Kangama and Rumei, 2005); how-
ever, especially in low-income countries, these are 
often traditional varieties (or landraces) adapted to 
local conditions, seldom scientifically characterized 
(ICRISAT, 1996). 
 
_______ 
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In Africa and Asia, sorghum is grown primarily 
for human consumption and is an important compo-
nent in the diet of many people who rely on it as a 
main source of micro- and macronutrients (Godwin 
and Gray, 2000). Traditional food preparation of sor-
ghum is pretty varied and include thin and stiff por-
ridge, e.g. bouillie (Africa and Asia) and tô (West 
Africa), couscous (Africa), injera (Ethiopia), baked 
products (USA and Africa) and traditional African 
beers, such as dolo, tchapalo and burukutu (Dicko et 
al., 2006). The porridge, in particular, is a key com-
ponent of the traditional diet of adults as well as 
young children in many low-income countries; in Af-
rica, sorghum porridges are usually prepared by 
cooking slurry of fermented or unfermented flour in 
boiling water (Dicko et al., 2006). 
Sorghum is a valuable staple food, due to 
its content of protein, pro-vitamins (carotenoids) 
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and vitamins, both fat-soluble (D, E and K) and of B 
group (except for B12), and minerals, such as iron, 
phosphorus and zinc. Nevertheless, owing to the 
presence of endogenous anti-nutritional factors, 
mainly tannins and phytic acid (myo-inositol-
1,2,3,4,5,6-hexakisphosphate: IP6), the nutritional 
value is partly impaired. In fact, both tannins and 
phytates have the ability to chelate bivalent cations, 
in particular iron and zinc, to form complexes with 
macromolecules, such as proteins and digestive en-
zymes. The binding to essential elements and pro-
teins determines the reduction of their bioavailability 
in the human body, thus potentially leading to defi-
ciencies in population where sorghum represents a 
main source of nutrition. Indeed, according to Butler 
(1990), the amount of chelating factors in some sor-
ghum varieties is sufficient to cause significant anti-
nutritional effects in humans, especially if the diet is 
poor in minerals and/or inadequate in proteins.  
In order to estimate mineral bioavailability in 
food, several modelling approaches have been previ-
ously used, mainly consisting in mathematical mod-
els taking into account the quantitative assessment of 
factors able to influence minerals absorption, such as 
tannins and phytates. Such models include the appli-
cation of algorithms (Hallberg and Hulthén, 2000). 
Even though the ability of tannins and phytates to 
chelate trace minerals is related to negative effects in 
some circumstances (especially in poor varied diets 
and in minerals deficiency conditions), it may result 
beneficial in others. Indeed, chelating agents may 
also act as antioxidant and scavengers of free radi-
cals, as well as reduce the bioavailability of toxic 
metals such as lead and cadmium (Shahidi and 
Wanasundara, 1992; Rimbach and Pallauf, 1997; 
Scharf et al., 2003; Bohn et al., 2008; Devi et al., 
2011). However, the knowledge about the whole ef-
fects of sorghum chelating agents is insufficient. 
The available literature reports that fermentation may 
reduce the presence of chelating factors, thus increas-
ing the iron bioavailability, whereas cooking may re-
duce protein digestibility (Abdelhaleem et al., 2008; 
Mohammed et al., 2010). Nevertheless, these data 
were obtained through chemical analyses; the net ef-
fect of fermented and/or cooked sorghum as whole 
food, after in vitro gastrointestinal digestion, has 
never been investigated in biological systems. More-
over, to our best knowledge, no data exist on the in-
tegrated and comparative assessment of the role of 
variety and main traditional processing methods on 
the sorghum biological effects.  
The objective of the present work was to charac-
terize sorghum varieties of different origins (African 
and Italian) and subjected to traditional processing 
methods (fermentation and cooking) in order to iden-
tify the combination more suitable to improve the 
nutritional value of sorghum porridges. Therefore, 
we performed a simulated gastrointestinal digestion 
of each sample followed by an integrated in 
vitro/modelling approach. As in vitro model, a hu-
man cell line representative of the intestinal epitheli-
um (DLD-1) was selected; intestinal epithelium is the 
primary site of exposure to substances, beneficial or 
detrimental, present in foods. In particular, the DLD-
1 cell line is an established in vitro model to investi-
gate metabolism and toxic effects in the intestinal 
epithelium (Raju et al., 2009; Zhang and Chen, 
2011). Sorghum varieties and processing methods 
were evaluated for their ability to modulate the total 
cellular protein content, indicator of alteration of en-
zymatic functions and protein synthesis (Zbasnik et 
al., 2009), as well as the Glutathione Peroxidase 
(GPx) activity, an important enzyme involved in oxi-
dative responses processes (Cai et al., 2002), in 
DLD-1 cells. The in vitro results were integrated by 
the iron bioavailability estimate through the use of 
algorithm, as an indicator of the modulation of sor-
ghum nutritional value. Moreover, the results are dis-
cussed in comparison with analytical assays and 
phytate/iron and phytate/zinc molar ratios as ob-
tained in a previous study (Proietti et al., 2012). 
 
 
2. Materials and Methods 
2.1. Samples and Standard substances 
Five sorghum varieties were investigated. Grains 
of three African traditional varieties were randomly 
purchased from local markets in Lagos (Nigeria - N), 
Dakar (Senegal - S) and Ouagadougou (Burkina Faso 
- B) in February-April 2011. Grains of two Italian 
varieties were obtained from the Università Cattolica 
del Sacro Cuore, Piacenza (Italy), namely Aralba 
(genotype for grain yield- Ar) and ABF 306 (biomass 
sorghum hybrid selected by the Institute of Genetics, 
Università Cattolica del Sacro Cuore - ABF), har-
vested in September 2010. Whole grains of each va-
riety were cleaned from damaged seeds and extrane-
ous materials and then milled with an automatic pes-
tle mill with internal parts made in agate – model 
RM100 by Retsch GmbH & Co. (Haan, Germany) – 
was used. 
Porcine enzymes: pepsin (EC 3.4.23.1) and pan-
creatin (EC 3.1.1.3), bile salts and alpha-amylase 
(EC 3.2.1.1) from Bacillus subtilis, as well as phytic 
 138 
acid and catechin were supplied from Sigma-Aldrich 
(Steinheim, Germany).  
2.2. Treatments  
Fermentation and cooking of the porridges in this 
study were conducted according to traditional meth-
od as commonly practiced in African countries 
(FAO, 1999). For each variety, slurry was obtained 
by mixing 100 g of the flour with 200 mL of water. 
- Fermentation  
The slurry was covered and kept for 72 hours at 
room temperature and away from light for spontane-
ous fermentation to occur. The pH reduction to an 
average value of 4.2 was a sign of occurred fermen-
tation. 
- Cooking  
The slurry was further added with 100 mL water 
and cooked with constant stirring for 10 min at ap-
proximately 95 °C to obtain porridges.  
- Subdivision of samples according to treatment 
For each variety of sorghum, four samples were so 
obtained, namely fc (fermented and cooked por-
ridge), c (unfermented cooked porridge), f (ferment-
ed slurry), and s (slurry). Samples were stored at - 80 
°C prior lyophilization. 
2.3. In vitro gastrointestinal digestion 
The in vitro gastrointestinal digestion was per-
formed according to the method of Crews et al. 
(1996) with small modifications. Briefly, 5mL of 
gastric juice (1% w/v pepsin in 0.15 M NaCl, pH=2) 
were added to 1g sample and then incubated in a 
shaking water bath at 37°C for 4 h to allow pepsin 
digestion. Procedural blanks were run in parallel. 
Prior the intestinal digestion, the pH of the gastric 
digest was adjusted to 6.8 by addition of NaHCO3 2 
M. Then, 5 mL of intestinal juice (3% w/v pancrea-
tin, 1.5% w/v amylase, 1% w/v bile salts in 0.15M 
NaCl) were added to each sample and incubation was 
continued for further 4 h. Samples were then centri-
fuged at 8000 × g for 30 min at 4°C and the superna-
tant was filtered through a 0.45 µm-pore-diam. 
membrane filters. The supernatants (soluble fraction) 
were stored at -80 °C until use in cell assays. 
2.4. Cell line and culture conditions 
The DLD-1 cell line (derived from a human colorec-
tal adenocarcinoma) was kindly obtained from Prof. 
Maria Marino (Università Roma Tre, Roma, Italy). 
Cells were cultured in RPMI 1640 medium without 
phenol red (Gibco, LifeTechnologies, Paisley, UK), 
supplemented with 10% Fetal Bovine Serum (Gib-
co), 2mM-glutamine (Gibco), 100 U/ml penicillin 
and 100g/ml streptomycin (Gibco). Cells were main-
tained in a humidified Steri-Cult 200 Incubator 
(Forma Scientific, Marietta, OH, USA) at 37°C and 
5% CO2. 
2.4.1. Growth inhibition assay and working con-
centration determination 
As a preliminary step, all samples (fc, c, f, s) were 
tested in order to determine the most suitable concen-
tration to be used on DLD-1 cells, allowing studying 
anti-nutritional relevant activities in the absence of 
effects on cell viability. 
Standard solutions of 0.5 mg/ml were prepared for 
each sorghum sample according to a previous study 
by Rafi et al. (2008) using sorghum samples for cell 
treatments. The maximum concentration to be used 
in cell cultures and obtainable by filtering with 0.22 
µm filters without losing material, was equal to 1:25 
of standard solution, that is 20 µg/ml. Such filtered 
solutions were utilized to prepare other sequential 
two-fold diluted solutions ranging from 20 to 2.5 
µg/ml (1:200 with respect to standard solutions).  
Cytotoxicity was evaluated by the MTS assay 
(Cell Titer 96 Aqueous One Solution assay, 
Promega, Madison, WI, USA) according to manufac-
turer’s instructions. Briefly, DLD-1 were plated at 
5,000 cells per well in RPMI 1640 medium in a 96 
flat-bottomed multiwells and incubated overnight at 
37 °C to permit cell adhesion. All treatments were 
performed in triplicate, incubating the cells for 72h at 
37 °C.  
At the end, 20µl of the MTS reagent were added to 
each well incubating for 2h at 37 °C. Cell viability 
was determined by reading absorbance at 490 nm by 
a Victor 3 Multilabel Reader (PerkinElmer, Waltham, 
MA, USA). 
All concentrations, except for the 2.5 µg/ml one, af-
fected cell proliferation (data not shown). According-
ly, 2.5 µg/ml was selected as working concentration 
for all samples. 
2.4.2. Cell line treatments 
DLD-1 cells were treated with 2.5 µg/ml  solubilized 
samples in culture medium, after in vitro gastrointes-
tinal digestion, ), or with medium alone as control 
(herewith CTRL), and incubated for 72h at 37 °C. 
Treatments were performed in triplicate in order to 
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obtain three biological replicas. After 72h, DLD-1 
medium supernatants were collected and stored at -
80 °C, whereas DLD-1 monolayers were trypsinized, 
harvested, counted and stored at -80 °C until use. 
2.4.3. Protein quantification and Glutathione Pe-
roxidase Activity Assay 
DLD-1 monolayers from each sample treatment 
were lysed in 100 µl RIPA Buffer (20 mM Tris-HCl, 
pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% nonyl phe-
noxy polyethoxy ethanol, supplemented with 1 mM 
phenylmethylsulfonylfluoride) and homogenized 
with a 2-mL sterile syringe. After 1-hr incubation on 
ice, lysates were centrifuged at 13,000 rpm, 4°C, for 
20 min. Obtained supernatants were assayed for their 
total protein content by the BCA Protein Assay Kit 
(Pierce, Thermo, Rockford, IL).  
DLD-1 supernatants from each sample treatment 
were assessed for GPx (EC 1.11.1.9) activity through 
the Glutathione Peroxidase Activity Assay (Bio-
vision, Mountain View, CA, US) following manufac-
turer’s instruction and measuring absorbance at 340 
nm. One unit of GPx activity is defined as the 
amount of enzyme that causes the oxidation of 1.0 
μmol of NADPH to NADP+ per minute at 25°C. 
GPx activity was obtained by the equation:  
 
GPx Activity=___(B - B0)__  x Sample dilution (mU/ml) 
                  (T2 – T1) x V 
Where T1 is the time of first reading (in min); T2 is 
the time of second reading (in min); B is the NADPH 
amount that was decreased between T1 and T2 (in 
nmol); B0 is the background change (without Cu-
mene Hydroperoxide substrate) between T1 and T2; 
V is the sample volume added into the reaction well 
(in ml). 
 
2.5. Study of algorithms 
Dietary iron absorption was predicted applying the 
algorithm proposed by Hallberg and Hulthén (2000). 
Among the parameters considered in the algorithm 
only the parameters contained in sorghum are taken 
into account in this study, namely phytates, tannins 
and calcium, according to the formula: 
Abs Fe (%) = 22.1 * f IP6 * f tannin * f Ca 
where: 
f IP6 = 10^ [-0.30*log (1+phytate-P)]  
f tannin = 10^ [0.4515-0.715*log tannic acid (mg) 
f Ca = 0.4081+[0.5919/(1+10^-(2.022-log(Ca+1))*2.919)]  
In the computation of f IP6, 1mg of phytate-P= 3.53mg phytic acid  
 
The study of the algorithm has been reported to 
50g of DM as corresponding to about 250g of por-
ridge, assumed as the mean quantity likely to be in-
gested by an adult in a meal. 
2.6. Analytical determinations used in the algorithm 
study 
The analytical methods for the determination of 
phytate, iron binding phenolic groups and mineral 
content were described in detail in a previous study 
(Proietti et al., 2012). Briefly, phytate content was 
measured by the determination of myo-inositol-
hexaphosphate (IP6) using high performance anion-
exchange chromatography (Dionex AS50, using an 
AS-11 pre-column and column kit; Dionex, 
Sunnyvale, USA) (Lestienne et al. (2005).  The con-
tent of iron binding phenolic groups, i.e. catechol (or-
tho-dihydroxyl) and galloyl (trihydroxyl) groups was 
determined with the modified ferric ammonium sul-
fate (FAS) method (Brune et al., 1991); catechols 
were expressed as mg of catechin equivalents 
(CE)/100g DM and galloyls as mg of tannic acid 
equivalents (TAE)/100g DM. Total calcium content 
was determined according to (Hama et al, 2011), us-
ing an Atomic Absorption Spectrophotometer (Per-
kin-Elmer Analyst 800) with a deuterium back-
ground corrector and identified by air–acetylene 
flame. 
 
2.7. Data analysis and statistics 
Results of in vitro assays are reported as the mean 
of triplicate determinations ± SEM.  
A distribution-independent non-parametric Wil-
coxon Rank Sum test was applied to compare statis-
tical differences among samples. A p-value ≤ 0.05 
was set as significance level. Statistical analysis was 
performed by using the JMP 9.0 statistical software 
(SAS Institute Inc.).  
The results of the study of algorithm are single 
values to be used in a qualitative comparison among 
varieties and treatments; thus, no statistical analysis 
was performed. 
 
3. Results 
 
3.1. In vitro analysis 
3.1.1. Quantization of total protein content 
 
Results are summarized in Table 1. Sorghum vari 
eties significantly influenced the total protein con-
tent of exposed DLD-1 colon cells. Overall, cells ex-
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posed to the two Italian cultivars (Ar and ABF) 
showed a significant decrease in total protein content 
as compared to those exposed to African samples (N, 
S and B) or to control cells. In particular, DLD-1 ex-
posed to Ar showed the lowest total protein
 
Table 1.  
Effect of variety and food processing methods on total protein content (µg/ml) of DLD-1 cells exposed to sorghum  
Treatment     Variety 
  
Across varie-
ties 
CTRL N S B Ar ABF 
Across 
processes 
  2211.8±211A 2260.1±78.9A 2073.8±167A 1683.3±170AB 729.0±71.6C 1306.8±98.4B 
CTRL 2211.8±211a             
s 1674.3±153ab   2300.0±182 1469.0±113 2170.3±116a 951.9±272 1221.4±477 
c 1569.2±210b   2078.9±331 2488.7±70 1136.8±22b 548.1±267 1393.2±436 
f 1633.6±179b   2428.7±102 1684.8±382 2237.5±242a 707.3±148 1316.5±342 
fc 1470.4±194b   2303.6±316 1803.8±599 1188.5±453b 708.7±215 1296.1±287 
Mean values ± SEM of three replicates. Values followed by different small letters in the same column, and capital letter in the same row, 
are significantly different (p ≤ 0.05).  
 
 
content, significantly different from cells exposed 
to all other varieties. Besides, ABF induced a re-
duction in protein content significantly different 
with respect to control cells and to DLD-1 exposed 
to N and S samples. 
Across varieties, either fermentation and/or 
cooking of sorghum samples significantly reduced 
the protein content of exposed cells as compared to 
control cells. Analysis of processing effects within 
the same sorghum variety showed that only DLD-1 
exposed to B samples were significantly different 
in total protein content among treatments. In par-
ticular, cells exposed to cooked porridge, with (fc) 
and without fermentation (c), had total protein con-
tent significantly lower than slurry (s) and ferment-
ed slurry (f). On the other hand, comparisons 
among different varieties across the same treatment 
did not reveal any statistical difference. 
 
3.1.2. GPx activity  
Results are summarized in Table 2. Exposure to 
the different sorghum varieties did not significantly 
influence the GPx activity in DLD-1 cells. On the 
contrary, when analysing for food processing ef-
fects across varieties, fermented samples (f) signifi-
cantly reduced GPx activity in DLD-1 with respect 
to cooked samples (c, fc), slurries (s) and control 
cells. When considering the effect of processes on 
GPx activity in DLD-1 cells within the same sor-
ghum variety, only ABF fermented slurry (f) in-
duced a significant reduction in GPx activity, being 
almost null, with respect to cooked porridges (both 
c and fc). On the other hand, no statistical differ-
ence was found among DLD-1 cells exposed to dif-
ferent varieties across the same treatment. 
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Table 2.  
Effect of variety and food processing methods on GPx activity (mU/ml) of DLD-1 cells exposed to sorghum 
Treatment     Varieties 
  
Across varieties CTRL N S B Ar ABF 
Across 
processes 
   3.6 ± 0.8 2.5 ± 0.5 3.1 ± 0.7 2.1 ± 0.4 4.0 ± 0.8 3.0 ± 0.8 
CTRL  3.6 ± 0.8a             
s 3.1 ± 0.6a   3.6 ± 2.3 1.2 ± 1.1 2.9 ± 1.5 4.8 ± 3.8 2.5 ± 0.6ab 
c 3.6 ± 0.5a   3.8 ± 0.9 4.3 ± 1.1 3.3 ± 1.5 2.0 ± 3.1 5.0 ± 2.5a 
f 1.5 ± 0.6b   0.9 ± 1.0 2.5 ± 3.1 0.7 ± 0.3 4.2 ± 1.7 0.00 ± 1.9b 
fc 3.4 ± 0.5a   1.6 ± 0.6 4.3 ± 2.1 1.6 ± 0.9 5.1 ± 1.9 4.6 ± 1.6a 
Mean values ± SEM of three replicates. Values followed by different small letters in the same column are significantly different (p ≤ 0.05).  
3.2. Study of algorithms 
Results from the algorithm, expressed as 
percentage, showed little difference in iron 
bioavailability among varieties, except for S 
(Table 3). The variety from Senegal showed, 
indeed, an approximate 3-fold higher iron 
bioavailability in all processed samples, with 
respect to other varieties.  
Among food processes, fermentation, alone 
(f) or in combination with cooking (fc), 
improved the estimated bioavailability of iron 
with respect to slurries (s), whereas cooking 
had no susbstantial impact.  
In particular, the increase of estimated 
bioavailability in fermented samples (f), with 
respect to corresponding slurries (s),  ranged 
among varieties from 34% to 77%, with S 
showing the lowest increase and N the highest 
(Figure 1). Also fermented and cooked 
porridges (fc) showed a comparable increase 
of the estimated iron bioavailability with 
respect to corresponding slurries (s), ranging 
from 18% (S) to 81% (N). 
 
Table 3.  
Percentage (%) of bioavailable iron in 50g of DM of sor-
ghum varieties undergoing different treatmentsA 
Variety fc c f s 
N 1,1 0,5 1,1 0,6 
B 0,7 0,6 0,9 0,6 
S 3,2 3,0 3,6 2,7 
Ar 1,0 0,7 1,0 0,6 
ABF 0,7 0,5 0,7 0,4 
A treatments: fc (fermented and cooked porridge), c 
(cooked porridge), f (fermented slurry) and s (slurry). 
4. Discussion 
 
The present study evidenced how variety 
and processing methods may affect parame-
ters relevant to sorghum nutritional value, in-
cluding selected markers in DLD-1 cell line, 
used as model of intestinal epithelium, as well 
as bioavailability calculations. Moreover, the 
present study applied a simulated gastrointes-
tinal digestion, coupled to food processing 
methods, to mimic human digestion and tradi-
tional food preparation, respectively, with the 
aim of improving characterization of sorghum 
as “whole food”.  
The two Italian sorghum varieties, name-
ly ABF and Ar, showed the worst profiles as 
they induced a significant decrease in the cel-
lular protein content of DLD-1 colon cells 
with respect to control cells, at concentrations 
devoid of cytotoxicity, as assessed by MTS 
assay.  
 
 
 
Figure 1. Percentage of variation of bioavailable iron in 
sorghum varieties undergoing different treatmentsA. Slur-
ry (s) of each variety is taken as a reference value; the 
percentages of variation of bioavailable iron in each 
treatment were calculated with respect to (s). 
The decrease of total protein content in cells 
exposed to sorghum samples can be linked to 
a reduced bioaccessibility of proteins from the 
culture medium, due to the antinutrient effect 
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of tannins (Butler, 1990) as well as of phytates 
(Morales et al., 2011). On the other hand, it 
cannot be excluded a direct effect of specific 
sorghum components on the synthesis and me-
tabolism of cell cycle proteins, which might 
result in a modulation of cellular protein lev-
els (see, e.g., Vucenik et al., 2005). Pamplona 
and Barja (2006) found that a methionine de-
crease reduced mitochondrial oxidative stress. 
In the present study no difference was exerted 
by the tested sorghum varieties on DLD-1 
GPx activity; thus, the protein content de-
crease observed is unlikely connected to a 
change in the oxidative stress response. In a 
previous study, Ar cultivar also displayed the 
highest phytate to minerals (both Zn and Fe) 
molar ratio, corresponding to significantly 
lower amount of bioavailable elements for the 
human organism following food intake, and 
ABF the highest content of chelating factors 
(both phytates and iron binding phenolic 
groups), lending further support to the poor 
nutritional profile of these Italian cultivars 
(Proietti et al., 2012). 
On the contrary, S variety (from Senegal) 
presented the best characteristics since it did 
not alter the total protein content and the GPx 
activity in DLD-1 colon cells, moreover 
showing an approximate 3-fold higher 
percentage of estimated iron bioavailability in 
all treatments than the other varieties, which 
showed similar values.  Previous evidence al-
so showed that S had a very low content of 
chelating factors and phytate to minerals rati-
os, thus confirming the potential interest of 
this landrace (Proietti et al., 2012).  
The overall better profile of African va-
rieties compared to the Italian ones and the 
differences among African varieties from di-
verse areas suggests that both genotype and 
pedoclimatic factors may influence parame-
ters relevant to sorghum nutritional value. In-
deed, many nutritional characteristics of 
plants are dependent by local agro-climatic 
conditions (Soetan and Oyewole, 2009) 
which, therefore, influence the intrinsic char-
acteristic of each variety adapted to the local 
environment (landraces). 
Findings showed that also processing 
was able to modulate the selected parameters. 
In particular, the fermentation process deter-
mined a two-way effect: i) overall, a negative 
impact was observed on physiological cellular 
functions, with a significant decrease in both 
DLD-1 total protein content and GPx activity 
with respect to control cells; ii) a positive im-
pact on the estimated iron bioavailability was 
observed, as fermentation increase the per-
centage of estimated iron bioavailability of 
34-77%, as resulted by the algorithm. Moreo-
ver, the effect of fermentation resulted to be 
also modulated by the variety. 
A link between the glutathione-
dependent redox status of the cells and iron 
homeostasis has been suggested; in particular, 
GPx activity was decreased in the presence of 
excess iron (Auchère et al., 2008). It might be 
noteworthy the relationship between the in-
crease of bioavailable iron and the significant 
decrease of GPx in fermented samples, even 
though an excess iron uptake was highly un-
likely in our cells. Alternatively, reduced GPx 
activity in cells might be attributed to the di-
minished oxidative stress in cells or to the re-
duced GPx enzymatic functions. In this case, 
the interpretation of results would not be 
straightforward, as fermented samples also 
showed a significant reduction of cells total 
protein content. Fermentation, indeed, was 
found to increase the iron bioavailability; in a 
previous study on the same sorghum varieties 
(Proietti et al., 2012), fermentation increased 
also the bioavailability of zinc as well as re-
duced the content of chelating factors.  In-
deed, GPx decrease in overall fermented sam-
ples was likely due to the marked decrease in 
ABF variety. Considering that this variety 
showed a general poor profile, it cannot be 
excluded that the inhibition of GPx activity of 
cells exposed to ABF might be due to a par-
ticularly enhanced production of fermentation 
by-products acting as GPx inhibitors. 
On the other hand, the increase of esti-
mated iron bioavailability is in accordance 
with previous studies which show the benefi-
cial effects of fermentation in reducing the 
content and activity of chelating factors, thus 
increasing the bioavailability of iron (Les-
tienne et al., 2005; Abdelhaleem et al., 2008). 
Similarly to fermentation, also cooking 
determined an overall a decrease in DLD-1 
total protein content, alone or in combination 
with fermentation; cooked sorghum samples 
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did affect neither cellular GPx activity nor the 
estimated iron bioavailability.  
It cannot be excluded that the different 
results observed in vitro and by modelling, are 
linked to the different investigation approach-
es. The biological effects observed in vitro 
models are correlated to the net effects of food 
components, including the bioaccessibility of 
anti-nutritional factors and the production of 
by-products, while the algorithm method pro-
duces mathematical values derived from ana-
lytical data. 
As regards the interaction between varie-
ty and treatment, some effects were notewor-
thy. Interestingly, S, the variety showing the 
highest estimated bioavailable iron, exhibited 
the lowest increase of estimated bioavailable 
iron by fermentation. This may be due to a 
lower effect of food processing in varieties 
displaying good iron bioavailability. 
The in vitro assays showed that the inter-
action between variety and treatment differs 
among varieties. Significant GPx activity de-
crease was observed only in fermented ABF 
samples, with respect to cooked samples, thus 
lending further support to the poor nutritional 
profile of this Italian cultivar. Moreover, anal-
ysis of processing effects on total protein con-
tent within the same sorghum variety showed 
that only DLD-1 exposed to B cooked sam-
ples displayed a significant reduction in total 
protein content. 
In order to explain food processing ef-
fects in vitro, it might be hypothesized that 
fermentation and/or cooking induce the for-
mation of tannin and/or phytate degradation 
products, and/or other process by-products, 
which may inhibit protein synthesis. Net ef-
fects of processed whole foods are an up-to-
date issue, in particular for foods of vegetable 
origin that are rich of bioactive substances: 
one recent example is the antioxidant/anti-
inflammatory action elicited by a polyphenol-
rich beverage (Nemzer et al., 2011). There-
fore, according to our proof-of-concept study, 
it appears worthwhile to make detailed studies 
on the products formed during sorghum fer-
mentation and cooking as well as to their ef-
fects in vitro and on the potential interference 
with sorghum nutritional profile of main sor-
ghum contaminants, such as arsenic, cadmium 
and mycotoxins (Baldi and Mantovani, 2008). 
5. Conclusions  
The present results show that both varie-
ty and food processing methods are able to 
influence biological responses in a model of 
gut epithelial cells in vitro as well estimated 
iron bioavailability, with likely consequences 
on sorghum nutritional profile. 
The variety from Senegal showed the 
most promising characteristics. On the other 
hand, the two Italian varieties (ABF and Ar) 
overall showed a poor profile. 
Among food processes, fermentation, 
alone and associated with cooking, showed a 
markedly greater impact than cooking alone. 
Fermentation process showed a double effect 
on sorghum biological activities: reduction of 
in vitro parameters and increase of bioavaila-
ble iron. Finally, most tested parameters 
showed further modulation effects of food 
processing on the variety. 
The results outlined the importance of 
sorghum landraces selection in order to mini-
mize the biological impact of anti-nutrients 
and to increase the bioavailability of essential 
trace elements in sorghum. Furthermore, re-
sults showed that processes are also important 
to improve the nutritional characteristics of a 
sorghum meal; nevertheless, the effects of a 
“whole food” analysis may be complex and 
deserve further investigation.  
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Modulation of chelating factors, trace minerals and their estimated 
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Summary Factors able to modulate chelating factors, trace minerals and their bioavailability were inves-
tigated in porridges of five sorghum (Sorghum bicolor (L.) Moench) varieties: from Nigeria, 
Senegal, Burkina Faso and two from Italy. Effects of variety and traditional fermentation and 
cooking were assessed on iron-binding phenolic groups, phytates and iron and zinc content 
and bioavailability. Chelating factors, trace elements as well as the effect of processing 
(mainly fermentation) were modulated by variety. Fermentation decreased iron-binding phe-
nolic groups until 49% and phytate content until 72% as well as increased phytase activity 3.4 
to 16.4 fold, leading to enhancement of iron and zinc estimated bioavailability. Cooking 
alone had almost no effect. The lowest chelating factors content and the highest trace miner-
als bioavailability were shown by fermented Senegal landrace, whereas the Italian varieties 
overall showed the worst results. The results indicate that selection of traditional varieties and 
appropriate processing methods can improve sorghum nutritional value.  
 
Keywords  Bioavailability, Fermentation, Iron, Phytates, Phytase, Sorghum, Tannins, Zinc 
 
 
Introduction 
Sorghum (Sorghum bicolor (L.) Moench) is the 
fifth most important grain crop in the world ag-
ricultural economy after maize, rice, wheat and 
barley (FAO, 2012). It is mainly grown in semi-
arid areas of the world, where climate conditions 
are less favorable to the production of other ce-
reals. In particular, in Africa, sorghum is grown 
primarily for human consumption and is an im-
portant component of diet (FAO, 1995; Dicko et 
al., 2006); it is grown also in industrialized 
countries like Italy, where it is mainly utilized 
for the 
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Sanità, Viale Regina Elena 299, 00161, Rome, Italy  
production of animal feed (forage or grain) or 
biofuel (Janssen et al., 2010). However, since 
sorghum is gluten-free, a possible use in celiac 
diet has been envisaged (Fenster, 2003). 
There are numerous varieties in use throughout 
the world (more than 7000 sorghum varieties 
have been identified - Kangama and Rumei, 
2005); however, especially in developing coun-
tries, sorghum lines are often traditional varieties 
(or landraces) adapted to local conditions, rarely 
scientifically characterized (ICRISAT, 1996; 
Nkongolo et al., 2008). 
It is estimated that sorghum is part of the staple 
diet of more than 300 million people in develop-
ing countries, representing a major source of en-
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ergy and nutrients (Dicko et al., 2006). Sorghum 
is a valuable staple food, for its content of pro-
tein, pro-vitamins (carotenoids) and vitamins, 
both fat-soluble (D, E and K) and of B group 
(except for B12), and minerals, such as iron, 
phosphorus and zinc. Nevertheless, its nutrition-
al value is impaired by the activity of endoge-
nous chelating factors, such as phenolic com-
pounds and phytic acid, which interact negative-
ly with the absorption of essential elements, in 
particular iron and zinc, and the digestibility of 
proteins (Sandberg, 2002; Gilani et al, 2005). 
Phenolic compounds containing catechol and 
galloyl groups are considered those mainly in-
volved in iron and zinc binding (Brune et al., 
1991; Slabbert, 1992). 
The amount of chelating factors in some sor-
ghum varieties is enough to cause significant an-
tinutritional effects, especially if the diet is poor 
in minerals and/or inadequate in protein (Butler, 
1990).  
Main sorghum-based recipes include couscous, 
porridge and beer. The porridge, in particular, is 
a staple component of the traditional diet, espe-
cially breakfast, for adult as well as young chil-
dren; indeed it is used as complementary food, 
i.e. in complement to breast milk, in breastfed 
children. In Africa, sorghum porridges are usual-
ly prepared by cooking slurry of fermented or 
unfermented flour in boiling water (Rooney et 
al., 1986; Asante, 1995). Sorghum nutritional 
characteristics, including the content of some 
chelating factors, may be related to the variety 
(Awadelkareem et al., 2009) and/or be modulat-
ed by processing methods, such as the reduction 
of phytate content during fermentation and pro-
tein digestibility during cooking (Abdelhaleem 
et al., 2008; Mohammed et al., 2010). However, 
only limited data exist on the integrated and 
comparative assessment of the role of variety 
and main traditional processing methods on the 
sorghum nutritional characteristics. 
The objective of this work was to determine the 
factors able to modulate chelating factors and 
trace minerals in sorghum porridges of five vari-
eties from Italy and West Africa upon different 
preparation processes; our aim was to identify 
varieties with appropriate processing methods in 
order to improve the nutritional value of sor-
ghum porridges. 
Materials and methods 
Samples and standard substances 
Five sorghum varieties were investigated. Grains 
of three African traditional varieties were ran-
domly purchased from local markets in Lagos 
(Nigeria - N), Dakar (Senegal - S) and Ouaga-
dougou (Burkina Faso - B) in February-April 
2011. Grains of two Italian varieties were ob-
tained from the Università Cattolica del Sacro 
Cuore, Piacenza (Italy), namely Aralba (geno-
type for grain yield- Ar) and ABF 306 (biomass 
sorghum hybrid selected by the Institute of Ge-
netics, Università Cattolica del Sacro Cuore - 
ABF), harvested in September 2010. Whole 
grains of each variety were cleaned from dam-
aged seeds and extraneous materials and then 
milled with an automatic pestle mill with inter-
nal parts made in agate – model RM100 by 
Retsch GmbH & Co. (Haan, Germany) – was 
used. 
Phytic acid (P-8810) and catechin (C-1251) were 
purchased from Sigma-Aldrich, Stockholm, 
Sweden and tannic acid (art. nr. 1.00773.0250) 
was obtained from Merck.  
 
 
Treatments  
Fermentation and cooking of the porridges in 
this study were conducted according to tradi-
tional method as commonly practiced in African 
countries (FAO, 1999). For each variety, slurry 
was obtained by mixing 100 g of the flour with 
200 mL of water. 
- Fermentation 
The slurry was covered and kept for 72 hours at 
room temperature and away from light for spon-
taneous fermentation to occur. The pH reduction 
to an average value of 4.2 was a sign of occurred 
fermentation. 
- Cooking  
The slurry was further added with 100 mL water 
and cooked with constant stirring for 10 min at 
approximately 95 °C to obtain porridges.  
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- Subdivision of samples according to 
treatment 
For each variety of sorghum, four samples were 
so obtained, namely fc (fermented and cooked 
porridge), c (unfermented cooked porridge), f 
(fermented slurry), and s (slurry). Samples were 
stored at - 80 °C prior lyophilization. 
- Lyophilization  
Frozen samples were lyophilized for 48 hours at 
–40 ºC in a freeze dryer Model Alpha 1-2 LD 
plus (Christ, Germany) and the resulted samples 
used for subsequent analysis. 
- Dry matter 
Dry matter (DM) contents were determined by 
oven drying at 105 C to constant weight. 
 
Determination of iron binding phenolic groups 
The content of iron binding phenolic groups, i.e. 
catechol (ortho-dihydroxyl) and galloyl (trihy-
droxyl) groups was determined with the modi-
fied ferric ammonium sulfate (FAS) method ac-
cording to Brune et al. (1991) using a solution of 
50% dimethylformamide (pH 4.4) as extraction 
solvent. Catechol and galloyl groups form iron 
complexes with FAS which can be read spectro-
photometrically at two wavelengths: 578 nm and 
680 nm, corresponding to the absorbance maxi-
ma of iron-galloyl and iron-catechol, respective-
ly. The amount of the catechol and galloyl 
groups was calculated against standard curves of 
catechin and tannic acid, respectively, at the two 
wavelengths. Catechols are expressed as mg of 
catechin equivalents (CE)/100g DM and galloyls 
as mg of tannic acid equivalents (TAE)/100g 
DM. 
 
Determination of phytate content 
The determination of phytate content was per-
formed according to the method of Talamond et 
al. (1998) with modifications: 0.2 g sample was 
extracted with 10 ml 0.5M HCl during stirring 
for 6 minutes in boiling water, followed by cen-
trifugation at 4500 g for 20 min at 4°C. The su-
pernatant was dried in a Speed-Vac (JOUAN RC 
10-10, Saint Herblain, France) vacuum centri-
fuge at 45°C and the residue was reconstituted in 
200 μL of Milli-Q water. After filtration through 
0.2 µm pore-diameter filters, the filtrate was di-
luted 25x and phytate content was estimated by 
determination of myo-inositol-hexaphosphate 
(IP6) by high performance anion-exchange 
chromatography (Dionex AS50, using an AS-11 
pre-column and column kit (Dionex, Sunnyvale, 
USA) according to the method detailed in Les-
tienne et al. (2005a). 
 
Determination of phytase activity 
Phytase activity was determined only in the flour 
and fermented slurries as endogenous phytases 
are deactivated by heat (Ryden and Selvendran, 
1993). The activity was evaluated through spec-
trophotometry, by determining phosphorous re-
lease during incubation of phytase extract in a 
sodium phytate solution (pH 5.6) at a wave-
length of 405 nm. Phytase extraction was per-
formed from 2g of samples according to the 
method of Konietzny et al. (1995) with buffer 
modification (0.1 M acetate buffer, pH 5.6). 
Samples were stirred for 2 h at 4°C and centri-
fuged at 10,000g for 30 min at the same temper-
ature. After eliminating phytates and free phos-
phorus from the supernatants by utilization of an 
AG 1-X8 anion resin (Bio-Rad Laboratories, 
Richmond, CA), 3 ml of resulted enzyme ex-
tracts were incubated for 1h at 50°C with 2 ml of 
2.5 mM sodium phytate solution and 9 ml of 0.1 
M acetate buffer at pH 5.6. Phosphorous re-
leased by phytase activity was measured accord-
ing to the method of Heinonen and Lahti, 
(1981), where 1 phytase unit (PU) is equivalent 
to the enzymatic activity that liberate 1µM of 
phosphorus from phytic acid per minute, accord-
ing to a standard range prepared with 5 mM 
KH2PO4 solution. 
 
Determination of total iron and zinc content 
Total iron and zinc contents were determined 
according to the method described in Hama et al, 
2011. The two minerals were extracted with a 
closed-vessel microwave digestion system 
(ETHOS-1, Milestone, Italy), from about 0.4 g 
of flour in a 7:1 nitric acid/hydrogen peroxide 
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mixture, and digested in a microwave oven at 
1200 W power for 30 min.  
Iron and zinc content were analysed with an 
Atomic Absorption Spectrophotometer (Perkin-
Elmer Analyst 800) with a deuterium back-
ground corrector and identified by air–acetylene 
flame. 
The iron:zinc molar ratio (Fe/Zn) was calculated 
as relevant indicator of zinc bioavailability (Sol-
omons and Jacob, 1981). 
 
 
 
Data analysis and statistics 
For all analyses, the results are reported as the 
mean of triplicate determinations.  
All values were calculated per 100 g DM. The 
approximate DM content in the different treat-
ment samples were as follows: fc and c = 16%, f 
= 19 % and r = 30%. 
Data were subjected to analysis of variance 
(ANOVA) and Tukey’s HSD multiple range test 
was used to compare means at the 5% signifi-
cance level (Wilkinson, 1990), using the JMP 
7.0 statistical software (SAS Institute Inc.). 
 
Molar ratios of phytate to iron and zinc 
 
Molar ratios of phytate to iron (Phy/Fe) and 
phytate to zinc (Phy/Zn) were calculated in order 
to estimate the bioavailability of these two trace 
elements (Davies and Olpin, 1979; Saha et al., 
1994). The levels of phytic acid, iron and zinc 
have been converted in mole by using a molecu-
lar mass unit of 660 for phytic acid and an atom-
ic mass unit of 56 and 65 for iron and zinc, re-
spectively. 
 
 
Results and discussion 
 
Content of iron binding phenolic groups 
Varieties significantly influenced the amount of 
catechol and galloyl groups. S showed the lowest 
content of both iron binding phenolic groups, 
significantly (p ≤ 0.05) different from ABF and 
B (Figure 1). ABF showed the highest content of 
both catechol and galloyl groups, significantly 
different from all other groups. The content of 
catechols in N and Ar was significantly lower 
than in ABF and B; these two varieties showed 
also a content of galloyls significantly lower than 
ABF.  
The effect of treatment on catechol and galloyl 
groups in sorghum varieties are presented in Ta-
ble 1. Fermentation, associated or not to cooking, 
significantly (p ≤ 0.05) reduced the amount of 
both iron binding phenolic groups. On the con-
trary, no significant decrease could be seen when 
porridges were only cooked. 
 
 
Figure 1. Content of iron binding phenolic groups in porridg-
es of different sorghum varieties 
 
Compared to the slurry, the fermented slurry 
showed a significant reduction of galloyl groups 
in all varieties except for S, whereas after cook-
ing, the reduction remained significant in B, Ar 
and ABF. Catechol groups appeared somewhat 
less affected by treatment: f significantly reduced 
the content in B only, and fc in B and ABF.  
The results showed a marked influence of the 
variety on the amount of phenolic compounds; 
this finding has been previously reported for oth-
er varieties (Tomas-Barberan and Espín, 2001; 
Dykes et al., 2005). Furthermore, data showed 
that different variety determined different reduc-
tion rates of iron binding phenolic groups during 
fermentation with and without cooking. Varieties 
with the highest content of phenolic groups, B 
and ABF showed also the highest reduction rates. 
We observed a reduction of phenolic compounds 
during fermentation (Table 1). On the other 
hand, cooking alone did not influence the con-
centrations of galloyl and catechol groups. Re-
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duced phenolic content upon fermentation was 
also observed in previous papers (Towo et al., 
2006; Schons et al., 2011): the decrease may be 
related to microbial activity during fermentation 
(Dhankher and Chauhan, 1987; El Hag et al., 
2002) or to abstraction of hydride ions and rear-
rangement of the phenolic structures due to the 
acidic environment (Towo et al., 2006). 
Phytate content and phytase activity 
Variety significantly (p ≤ 0.05) influenced also 
the content of phytates. ABF and S showed the 
highest and lowest phytate content, respectively, 
significantly different from all other varieties;
 
 
Table 1. Effect of treatmentsA on iron binding phenolic groups in porridges from different sorghum varieties 
Galloyls (mg TAE/100g DM) 
Treatments Varieties 
 N S B Ar ABF 
s 159 ± 13a,b 129 ± 10a 172 ± 6a 137 ± 3a 194 ± 5a 
c 186 ± 14a 116 ± 0.3a 168 ± 3a 127 ± 5a,b 182 ± 14a,b 
f 121 ± 6c 93 ± 5.0a 133 ± 14b 120 ± 6b,c 160 ± 15b,c 
fc 126 ± 14b,c 106 ± 26a 133 ± 0.3b 111 ± 8c 131 ± 14c 
Catechols (mg CE/100g DM) 
Treatments Varieties 
 N S B Ar ABF 
s 151 ± 60a 81 ± 11a,b 221 ± 24a 94 ± 9a,b 254 ± 7a 
c 179 ± 41a 56 ± 13c 209 ± 11a,b 104 ± 19a 227 ± 16a,b 
f 77 ± 7.0a 70 ± 8 a,b,c 165 ± 17b,c 89 ± 11a,b 244 ± 8a,b 
fc 95 ± 23a 62 ± 12b,c 149 ± 23c 67 ± 11b 212 ± 23b 
Mean values ± SD of three replicates.  
Values followed by different letters in the same column significantly differ (p ≤ 0.05), as assessed by Tukey’s test.  
A Treatments: fc (fermented and cooked porridge), c (cooked porridge), f (fermented slurry) and s (slurry). 
 
 
 
indeed, the phytate content in S was 50 to 100-
fold lower than the other varieties (Table 2). 
Fermentation, alone and associated to cooking (f 
and fc), significantly (p ≤ 0.05) reduced the phyt-
ate content in all varieties, with the exception of 
S where the phytate content was already very 
low in slurry. The extent of reduction differed 
among variety and ranged from 58 to 72%. In 
cooked porridge there was no significant differ-
ence with respect to slurry, with exception of N 
which showed a significant increase in phytate 
content (Table 2). Reduction in the phytate con-
tent was consistent with previous reports on oth-
er sorghum varieties (Mahgoub and Elhag, 1998; 
Egli et al., 2003; Kayodé et al., 2006; Towo et 
al., 2006). 
The decrease of phytate content during fermenta-
tion is explained by the enzymatic activity of 
both cereal and microbial phytases (Sandberg 
and Svanberg, 1991; Abdelhaleem et al., 2008), 
which hydrolyse phytate (IP6) into inorganic 
phosphorus (Pi), inositol or myo-inositol phos-
phates (IP5 to IP1) (Lestienne et al., 2005b).  
A slight but not significant increase was also ob-
served for B and Ar. Cooking of sorghum was 
indeed reported to induce a degradation of 
phytates ( Mahgoub and Elhag, 1998; Towo 
2006). However, it might be worth noting that 
Lestienne et al. (2005b) found an increase of IP6 
in cooked soybean flour; attributed to a possible 
greater extraction of IP6 molecules during cook-
ing. Thus, the occurrence of similar events in N 
variety might not be ruled out altogether. 
Compared to other cereals, sorghum has low 
phytase activities (Egli et al., 2003). Our findings 
showed that also the amount of phytase activity 
was influenced by the variety. Phytase activity in 
the flour and in fermented porridge of different 
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sorghum varieties is reported in Table 2. Flour 
phytase activity ranged from 0.17 to 0.21 PU/g; 
N and S showed the highest values, significantly 
(p ≤ 0.05) different from the lowest value found 
in B (Table 2).  
In fermented slurries phytase activity ranged 
from 0.64 to 3.44 PU/g: compared to the flour, a 
significant increase (p ≤ 0.01) was found in all 
varieties. Fermented samples of N and ABF vari-
eties showed the highest values, significantly dif-
ferent (p ≤ 0.05) from all other varieties, while in 
S and Ar the phytase activity was significantly 
lower than in the other varieties (Table 2).  
Therefore, S stood out as a variety with low 
amount of chelating factors and high phytase ac-
tivity in unprocessed samples. However, S was 
also weakly susceptible to the increase of 
phytase activity in fermented porridge. With the 
exception of S, varieties showed no readily ap-
parent relationship between the concentration of 
phytates and the phytase activity in the unpro-
cessed samples, as well as between the reduction 
of phytate content and the increment of phytase 
activity in fermented slurries.
 
Table 2. Effect of treatmentA on phytate content and phytase activity in porridges of different sorghum varieties 
Treatment Varieties 
  ABF Ar B N S 
IP6*           
s 1900 ± 0.01aA 1224 ± 0.02aB 1176 ± 0.06aB 1071 ± 0.06bB 5.2 ± 0.000aC  
c 1848 ± 0.00aA 1396 ± 0.07aB 1211 ± 0.01aC 1369 ± 0.06aBC 4.3 ± 0.001aD  
f 710 ± 0.04cA 361 ± 0.01bC 490 ± 0.01cB 302 ± 0.003cC 2.5 ±0.001aD  
fc 962 ± 0.03bA 501 ± 0.02bB 871 ± 0.04bA 252 ± 0.01cC 3.7 ± 0.003aD  
Phytase activity**    
  flour 0.2 ± 0.006
aAB 0.19± 0.015aAB 0.17 ± 0.012aB 0.21 ± 0.002aA 0.2 ± 0.014aA 
f  3.18 ± 0.03bA 0.64 ± 0.13bC 2.23 ± 0.598bB 3.44 ± 0.164bA 0.79 ± 0.122bC 
Mean values ± SD of three replicates. Values followed by different small letters in the same column, and capital letter in the 
same row, are significantly different (p ≤ 0.05). 
A Treatments: fc (fermented and cooked porridge), c (cooked porridge), f (fermented slurry) and s (slurry). 
* =  expressed as mg/100g DM 
** = expressed as PU/g DM 
 
 
The generally increased activity of phytase upon 
fermentation, as compared to flour, may be relat-
ed to an augmentation of enzyme production due 
to microbial growth (yeasts and lactic acid bacte-
ria): indeed, several yeasts and Lactobacillus 
species are recognized as phytase producers in 
fermented grain-based products (Omemua et al., 
2007). 
 
Iron and zinc content  
The iron content in slurries ranged from 3.2 to 
9.9 mg/100g DM. S showed the highest content, 
significantly (p ≤ 0.05) different compared to all 
other varieties, and Ar the lowest, three times 
less than S and significantly (p ≤ 0.05) different 
from ABF, Ar and S (Figure 2). Zinc content in 
slurries ranged from 1.1 to 2.5 mg/100g DM, 
with a mean value of 1.87 mg/100g DM. With 
regard to zinc, S showed the lowest content, sig-
nificantly different (p ≤ 0.05) compared to ABF, 
N and B. ABF showed the highest content, more 
than two times higher than S and significantly (p 
≤ 0.05) different from B, Ar and S (Figure 2). 
Processing of the samples had no significant ef-
fect (p ≤ 0.05) neither on the iron nor on the zinc 
content (data not shown). Therefore, trace miner-
al content was influenced neither by fermenta-
tion, nor by cooking, whereas it showed con-
sistent linkage to variety. Interestingly, Kayodé 
et al., (2006) pointed out that, with regard to tra-
ditional sorghum varieties, iron and zinc content 
are more influenced by environmental compo-
nent (e.g. field location) than genetic variation.  
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Among varieties, the Fe/Zn ratio ranged from 1.6 
(N) to 8.9 (S); Ar and ABF showed a 2 ratio and 
B a 4.4 ratio. Following direct oral administra-
tion of inorganic Fe and Zn, a Fe/Zn ratio ≥ 2 
significantly inhibited zinc absorption (Solomons 
and Jacob, 1981) but, on the other hand, no sig-
nificant negative effect on zinc absorption was 
found when a Fe/Zn molar ratio up to 10 was 
provided through a meal (Fairweather-Tait et al., 
1995). Thus, the Fe/Zn ratios found in the pre-
sent varieties as porridge may not impair zinc 
absorption. 
 
 
Calculation of phytate ⁄iron and phytate ⁄zinc mo-
lar ratios 
The calculation of the molar ratios of phytate to 
iron (IP6/Fe) and phytate to zinc (IP6/Zn) has 
been proposed by several authors in order to es-
timate the bioavailability of the two trace ele-
ments (Davies and Olpin, 1979; Oberleas and 
Harland, 1981; Saha et al., 1994). 
Results showed that IP6/Fe and IP6/Zn molar 
ratios significantly differed among sorghum va-
rieties. S variety showed very low molar ratios 
related to the low phytate content, being signifi-
cantly different from all other varieties. IP6/Fe 
and IP6/Zn molar ratios in S samples ranged 
from 0.02 to 0.05 and from 0.27 to 0.47, respec-
tively (Table 3). 
 
Figure 2. Iron and zinc content in porridges of different sor-
ghum varieties 
 
 
Since iron and zinc contents were not influenced 
by processing, molar ratio variation mirrored the 
influence of sample treatment on IP6. With the 
exception of S, B showed the lowest IP6/Fe mo-
lar ratio in both slurry(s) (10.44)  and fermented 
slurry (f) (4.48), whereas Ar showed the highest 
ratios, namely, 32.46 in slurry (s) and 12.56 in 
fermented slurry (f). As for IP6/Zn molar ratio, 
the lowest ratios were observed for N in both 
slurries (s) (51.30) and fermented slurries (f) 
(8.54); again, Ar showed the highest ratios, 
namely 80.81 in (s) and 61.27 in (f) (Table 3). 
Therefore, both IP6/Fe and IP6/Zn molar ratios 
were affected by fermentation in all varieties, 
and the percentage of reduction of fermented 
slurries (f) with respect to slurries (s) ranged 
from 58 to84% and from 24 to 83%, respective-
ly, indicating a potential improvement in iron 
and zinc bioavailability in these varieties. The 
cooked porridges (c) showed analogous trend in 
both IP6/Fe and IP6/Zn molar ratios, being Ar 
the variety showing the highest ratios, and B and 
N the lowest. Overall, Ar consistently showed 
the highest ratios, indicating the lowest estimated 
bioavailability, as regards both IP6/Fe and 
IP6/Zn in slurries, fermented slurries and cooked 
porridges; besides S, N and B tended to show 
lower ratios. An exception was represented by 
fermented porridge (fc), in which B showed the 
highest IP6/Fe and IP6/Zn ratios, significantly 
different from all the other varieties. The IP6/Fe 
and IP6/Zn ratios are estimates influenced by a 
combination of factors (content of minerals and 
phytates in the variety, processing effects); their 
additive effects may explain the rather poor scor-
ing of B in fermented and cooked porridges. Of 
course, this is an indicative value, suggesting fur-
ther experimental data.  
S showed an optimum IP6/Fe molar ratio in all 
samples; indeed, according to Hurrell and Egli 
(2010), the IP6/Fe ratio should be preferably less 
than 0.4 to significantly improve iron absorption. 
In composite meals containing ingredients en-
hancing iron absorption such as vitamin C or an-
imal protein, it is acceptable an IP6/Fe ratio less 
than 6, as we observed in B and N fermented 
slurries (f) (Table 3). 
Regarding the IP6/Zn molar ratio, Gibson (2006) 
proposed different ranges, based on absorption 
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studies in humans: a ratio <5 has been associated 
with high bioavailability, 5 to 15 with moderate 
bioavailability and >15 with low zinc bioavaila-
bility. S showed an optimum IP6/Zn molar ratio 
in all samples, indicating a high zinc bioavaila-
bility. Moreover, fermented slurry (f) from N 
showed a rather good IP6/Zn molar ratio of 8.54. 
In the other varieties IP6/Zn molar ratio marked-
ly exceeded 15, suggesting a low Zn availability.  
 
 
Conclusion 
Results show that variety strongly influenced the 
amount of both chelating factors and trace min-
erals analyzed. Fermentation markedly affected 
chelating factors content; the effect of fermenta-
tion was also modulated by the variety. 
Fermentation, with and without cooking, signifi-
cantly decreased the amount of iron binding phe-
nolic groups and phytates, enhanced phytase ac-
tivity and improved, consequently, the estimated 
bioavailability of iron and zinc. On the other 
hand, cooking alone did not influence chelating 
factors nor trace mineral content. 
There is a clear difference among traditional va-
rieties with regard to chelating factors and trace 
minerals content. The S (Senegal) variety 
showed the most promising nutritional profile, 
according to chelating factors content, IP6/Fe 
and IP6/Zn molar ratios and bioavailability of 
trace elements. On the other hand, the two Italian 
varieties (ABF and Ar) overall showed a poor 
profile. Another interesting point is the decrease
 
Table 3. Effect of treatment and variety on IP6/Fe and IP6/Zn molar ratios 
Variety       Treatment   
  
s c f fc 
Across va-
rieties 
IP6/Fe 20.6±4.3A 18.1±5.1AB 6.2±1.4C 10.8±2.4BC 
IP6/Zn 52.4±9.6A 55.4±10A 24.9±7.1B 26.5±6.3B 
 
Across proces-
ses 
    
IP6/Fe   
    
Ar 24.3±4.7a 32.46±0.8aB 40.51±1.6aA 12.56±1.1aC 11.72±0.7bC 
ABF 21.1±4.0ab 31.69±1.6aA 31.63±0.6bA 9.03±0.005bB 11.94±0.7bB 
B 12.0±2.5b 10.44±0.5bB 10.45±0.5cB 4.48±0.2cB 22.46±2.5aA 
N 12.2±3.5b 28.15±0.5aA 7.84±0.2cB 4.71±0.1cC 7.98±0.8bB 
S 0.03±0.005c 0.05±0.01cA 0.02±0.01dA 0.02±0.01dA  0.03±0.01cA 
IP6/Zn   
    
Ar 66.5±8.0a 80.81±5.5aAB 88.92±3.5aA 61.27±0.9aB 34.96±5.9bC 
ABF 48.3±9.7ab 76.58±0.2aA 70.87±2.1bA 21.22±0.2cB 24.51±0.01bcB 
B 48.8±3.4ab 53.01±1.3bA 52.87±2.2cA 33.44±0.2bB 55.9±1.4aA 
N 35.1±8.8b 51.30±1.5bB 64.00±3.1bcA 8.54±0.2dC 16.78±1.2cC 
S 0.4±0.1c 0.47±0.01cA 0.36±0.06dA 0.47±0.2eA 0.27±0.12dA 
Mean values ± SD of three replicates. Values followed by different small letters in the same column, and capital letter in the 
same row, within the same molar ratio, are significantly different (p ≤ 0.05). Values expressed in mole by using a molecular 
mass unit of 660 for phytic acid and an atomic mass unit of 56 and 65 for iron and zinc, respectively. 
 
 
 
 in galloyl and catechol groups during fermenta-
tion; their relative contribution compared to 
phytate would deserve to be investigated further.  
 
 
 
The results outline the importance of sorghum  
landraces characterization for assessing the im-
pact of traditional processes on the content and 
the activity of chelating factors. 
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